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Resumen

A pesar de describir con éxito la interaccion de particulas elementales, existe evidencia
de que el Modelo Estandar de particulas elementales (SM) es una teoria incompleta. La
existencia de nuevas particulas o interacciones que formen parte de una teoria mas completa
puede manifestarse en los experimentos como desviaciones a las predicciones del SM o bien
mediante la observacion de procesos prohibidos en el mismo. De particular interés son los
mesones By y leptones T producidos en los experimentos D@ y Belle II, respectivamente, en
donde la luminosidad proporciona estadistica suficiente para realizar mediciones de precision
de parametros del SM, asi como busquedas de nueva fisica.

En este trabajo se presenta la medicién del tiempo de vida de la componente pesada
del mesén BY a través del decaimiento B — J/wfo(980), utilizando datos acumulados por
el experimento D@ durante el Run II de Tevatron, obteniendo t(B?) = 1.70 4 0.14 (stat) +
0.05 (syst) ps. Esta medicion estd directamente relacionada con la determinacién de uno de
los pardmetros involucrados en la mezcla del sistema B? — B y a la biisqueda de mecanismos
de violacion de CP mas alla del SM. Adicionalmente, se presenta el programa de fisica del
lepton T en el experimento Belle 11, asi como el estudio de sensibilidad para este experimento
de dos canales de decaimiento con un mesén 1 involucrado: (i) T~ — M 7 v, el cual en
el limite de simetria de isospin SU(2) es un chequeo de consistencia con la seccion eficaz
de dispersién 6(eTe” — Nt w) para regiones de baja energia; (ii) T~ — N Vq, proceso
que nunca ha sido observado y, dada su supresiéon por G-paridad, permite la bisqueda de
corrientes escalares y tensoriales de nueva fisica, imponiendo limites en los acoplamientos
no estandar de las mismas. Se muestran estimaciones de 1 a 20 ab~!, que corresponden a la

luminosidad integrada que se espera durante los primeros afios del experimento Belle I1.






Abstract

Despite the correct and consistent description of the elementary particle interactions, there
is evidence that the Standard Model (SM) is an incomplete theory. Solving the issues faced
by the SM requires the introduction of new interactions and, if such interactions exist, they
can be observed as deviations in the SM predictions or forbidden processes. Particularly
of interest for this work are the B mesons and t leptons produced in the D@ and Belle II
experiments, respectively, where the luminosity provides the statistics for high precision SM
measurements and searches for new physics.

In this work, the lifetime measurement of the B meson in the decay channel BY —
J/W f0(980) is reported, which is a CP-odd final state. Using 10.4 fb~! of data collected
with the D@ detector in Run II of the Tevatron, the lifetime of the CP-odd component of the
B? meson is measured to be ’C(B?) = 1.70£0.14 (stat) £ 0.05 (syst) ps. This measurement is
closely related to the BY — BY mixing and searches for new CP violation mechanisms. Ad-
ditionally, the T lepton physics program of Belle II is reviewed and two sensitivity studies
are shown: (i) T~ — nn~ 1"V, which in the isospin symmetry limit SU(2) is a cross-check
of consistency with the cross section 6(ete™ — M7t at low energies; (i) T~ — N V4,
which has never been observed and, given the suppression by G-parity, it allows the searches
of scalar and tensor interactions. Estimations from 1 to 20 ab~—! are shown, corresponding to

the integrated luminosity expected during the first years of operation of Belle II.
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Chapter 1

Introduction

The Standard Model (SM) of elementary particle interactions is a very successful quantum
field theory, consistent with all the measurements of the elementary particles, their properties
and their interactions [1} 2, [3]. There are a few anomalies observed so far in experiments
and compelling evidence of new phenomena that indicate that the SM is not the ultimate
theory of fundamental interactions. In order to have evidence of new interactions or particles
that can solve the problems faced by the SM, new experimental findings are necessary to
elucidate the nature of the new theory. In this thesis, we propose the study of some reactions
involving heavy flavors, By mesons and T leptons, which can shed light on the nature of the
New Physics. Our study is tightly linked to the data that has been (and will be) obtained in

experiments at the high-intensity frontier.

1.1 The Standard Model of Elementary Particles

The Standard Model of elementary particles is the name given to the local gauge quantum
field theory that describes three of the four known fundamental interactions between ele-
mentary particles [4]. The strong force arises from a gauge theory based on an unbroken
SU(3) symmetry and the electromagnetic and weak interactions come from a partly broken

SU(2)xU(1) symmetry. Gravity is not included in the model. There are three fermion gener-

1



2 1. INTRODUCTION

ations, consisting of six quarks and six leptons. Four electroweak gauge bosons, eight gluons
and one scalar boson, the Higgs boson [3, 16} [7, 18], which gives mass to the charged fermions
and the weak gauge bosons (See Fig. [I.I). As a simplifying assumption, neutrinos remains

massless in the SM.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il I
mass | =2.2 MeV/c? =1.28 GeV/c? =173.1 GeVic? 0 =125.09 GeV/c?
charge | % % % 0 0
spin | %2 u Y2 C Y2 t 1 9 0 H
up charm top gluon higgs
—
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0
- - - 0
% d % S % b 1 y
down strange bottom photon
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
-1 -1 = 0
% e % l"‘ % T 1 ;
electron muon tau Z boson
<2.2 eVic? <1.7 MeV/c? <15.5 MeV/c? =80.39 GeV/c?

0

ve 0 Vu 0 VT +1

% % " W
electron muon tau Wb
. . . oson
neutrino neutrino neutrino

Figure 1.1: The Standard Model of particle physics [12]]. It contains 12 fundamental

fermions, four electroweak gauge bosons, eight gluons and the Higgs boson.

There are two important bases in the Lagrangian of the SM: a mass basis, where the mass
terms are diagonal, and the interaction basis, where the W= interactions are diagonal. Flavor-
changing interactions come from the fact that, in the quark sector, these two bases are not the
same. The CKM matrix [9, [10] is the rotation that relates these two bases.

As any causal local Lorentz invariant quantum field theory conserves CPT, the SM does.

However, the discrete symmetries C and P are “maximally violated”, in the sense that P
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changes the chirality of fermion fields, C exchanges particle and antiparticle, and the left-
handed and right-handed fermion fields have different gauge representations in the SM. CP
can be violated but it depends on a physical phase in the Lagrangian. The only place in the
SM where a complex phase can be physical, therefore CP is violated, is in the Yukawa sector
via the phase contained in the CKM and PMNS matrices [10, [11].

The SM is predictive and testable because there are multiple measurements that depend on
the same few parameters. Since almost half-century ago many experiments have confirmed
its predictions, comparing the values of the parameters obtained by different measurements,

and none has been capable to contradict them.

1.2 Beyond Standard Model Interactions

Despite its correct and consistent description of the elementary particle phenomena, there
is evidence that the Standard Model is an incomplete theory. Many questions remain unan-

swered. As a few examples:

e Neutrino masses. In the SM, neutrinos are massless particles. However, neutrino
oscillations show that neutrinos must have mass [[11, [13} [14]. It is not clear which is

the mechanism that provides mass to neutrinos.

e Dark matter and dark energy. From cosmological observations, it is estimated the
SM can explain only ~5% of the energy contained in the universe. Around 26% should

be dark matter and the remaining 69% dark energy [15]].

e Matter-antimatter asymmetry. Matter and antimatter should have been produced in
equal amounts when the Universe was born. CP violation mechanism in the SM is not

enough to explain why the universe is made mostly of matter [[16}17].

e Lepton universality violation. Several measurements performed in the recent years

hint at a possible violation of Lepton Universality [18]. Discrepancies, mainly in B
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meson decays [19} 20], respect to the SM predictions would be a clear sign that non-

SM virtual particles are contributing in the processes.

e Anomalous magnetic moment of the muon. Present SM evaluations of the anoma-
lous magnetic moment of the muon a,, = (g, —2)/2 lie between 2.7 and ~4 standard

deviations below the experimental result [21].

e Hierarchy problem. The mass-squared parameter for the Higgs boson receives quadrat-
ically divergent corrections at the quantum level, hence it is very sensitive to ultraviolet
physics. In order to have naturally a Higgs mass of ~125 GeV/c?, new physics which
couples to the Higgs sector should appear to cut off the quadratically divergent contri-

butions [22].

These anomalies should be studied further to conclude if they require to introduce physics be-
yond the Standard Model (BSM). It could be introduced as new interactions, particles and/or
symmetries. If such kind of SM extensions exist, their effects can be observed mainly in two
ways. The first one is the direct production of new particles in the energy frontier colliders,
such as the LHC. The second one is the measurement of observables with high precision,
in which the effects of new physics should appear as a deviation in the SM predictions or
via the observation of forbidden/very suppressed decay channels. Experiments targeting the
luminosity frontier provide the proper environment for the second kind of searches.
Motivated by the problems that the SM face, several BSM extensions have been devel-
oped. In particular and related with the motivations in this thesis, the two Higgs doublet

models and the leptoquarks model are briefly described.

1.2.1 Two Higgs doublet models

The observation of a neutral Higgs boson opens the possibility of extended Higgs sectors.
One of the simplest extensions are the two Higgs doublet models (2HDM), which introduce

one additional electroweak doublet [23]. They aim to provide a mechanism for addressing
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issues such as dark matter, the generation of a baryon asymmetry, the gauge hierarchy prob-
lem, and the strong CP problem [24]. In general, this kind of extensions has as a signature

the existence of a charged scalar state H~.

1.2.2 Leptoquarks

Leptoquarks are hypothetical particles emerging in SM extensions of matter unification that
simultaneously couple to a quark and a lepton [25, 26]. In local quantum field theories they
can be of either scalar (spin-zero) or vector (spin-one) nature. They can provide an explana-
tion for lepton universality violation and the observed B-physics anomalies [27, 28, 29], and
also a new source of CP violation [30]. The discovery of Leptoquarks would be a tentative
signal of matter unification.

Currently, constraints on Leptoquark interactions with matter are derived mostly from
precision observables such as electric and magnetic dipole moments of charged leptons, neu-

tral mesons mixing, B and D meson decays and lepton number violating decays [31].

1.3 Flavor Physics

The flavor physics sector is the part of the Standard Model which arises from the interplay
of quarks and leptons with weak currents, and its aim is the search of processes where SM
predictions are: (i) clean enough that effects from physics BSM could be recognized if they
exist; or (ii) suppressed or forbidden, in that case, any enhancement of such process is a
clear signal of physics BSM. Predictions at the quark level are clean since leading-order
weak effects are well understood. However, in the experiments what is observed are hadrons,
not quarks. It is important to identify processes where the hadronic physics effects, hard to
estimate, are well known or under good control.

In the SM, the only source of flavor changing interaction at tree level is the charged cur-

rents mediated by the W= bosons. There is no fundamental reason why there cannot be flavor
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changing neutral currents (FCNCs). Yet, experimentally what is observed is that FCNCs are
highly suppressed, which is a manifestation that they appear in the SM predominantly at
higher orders in perturbation theory. The SM is consistent with the experimental observa-
tions in the sense that all neutral current interactions are flavor conserving at tree level and
FCNCs are mediated only at the loop level, therefore they are suppressed. BSM theories

usually produce an enhancement of the branching ratio of FCNC processes.

Another source of suppression in the SM is symmetries, which may prevent (exact sym-
metries) or suppress (approximate symmetries) the occurence of some processes or proper-
ties. As example of the later is the SU(2) isospin symmetry. Since the masses of the light
quarks m,, and my are different and small compared with Agcp (~200 MeV), isospin is an
approximate good symmetry in the interaction of hadrons and turns out to be useful in the
study of flavor physics in the quark sector. SM has also “accidental” symmetries, as a conse-
quence of global gauge invariant symmetries. Examples of such symmetries are baryon and

lepton number conservation.

In this thesis work, we use some particular properties of heavy flavor systems and their
decays that are sensitive to the effects of new interactions. Through the measurements of a
particular By meson decay that follows its time evolution properties at the D@ experiment, we
can determine the lifetime of one of its mass states, which is an useful parameter to investigate
other sources of CP violation and contributions of BSM particles in the By mixing process.
On the other hand, T leptons provide a clean laboratory to study the hadronization properties
of the weak currents in the 1-2 GeV regime and, in particular, to study the sensitivity of
the several decay channels to the effects of new interactions such as a charged Higgs or
leptoquarks. This study is convenient given the data that will be provided in the future by the
heavy flavor factories like SuperKEKB and the LHC collider.
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1.4 Scope of This Work

The work developed in this thesis studies a B(S) meson decay and three T lepton decays. The
first one analyzed in the D@ experiment, which finished operations in 2011, and the T decays
studied as sensitivity analyses in the Belle II experiment, which will start its full physics
program by the first months of 2019.

In chapter 2, the lifetime of a CP-odd decay channel of the B meson, BY — J /i f3(980),
is measured in the experiment D@. It is shown that this lifetime measurement can be trans-
lated into a measurement of the width 'y of the heavy mass eigenstate of Bg, which is one
of the parameters describing the mixing process in the BY-BY system [32]. In the chapter it
is also discussed that the difference between light and heavy decay rates are sensitive to new
physics effects, particularly to contributions of BSM particles in the mixing process.

Chapter 3 reviews some topics of T lepton physics, useful for the development of the next
chapters. A description of the techniques and results for measurements of T lepton properties
is provided, such as the mass, the lifetime, and the branching ratio of allowed decays. A
general description of semileptonic T decays and the resonance structures involved are also
presented.

Chapter 4 is dedicated to the description of the Belle II experiment, which is coupled to
the SuperKEKB accelerator, a B-factory of second generation designed to collide electrons
and positrons at high luminosity. Belle II provides an ideal environment for the study of
hadronic T decays, as discussed in chapter 5 [33]. Using the early data provided by the Belle II
detector, a first measurement of the T lepton mass is reported, testing the performance of the
Belle II subsystems and tools [34]. In the near future, taking advantage of the large amount
of T lepton pairs produced a Belle 11, a high-precision T mass measurement will reduce the
uncertainty in m; [35]], which is a fundamental parameter in tests of lepton universality.

In chapter 6, a review of the decay T~ — nmu~ 7'V, is performed. In the limit of SU(2)
isospin symmetry, it exists a close relationship between the distributions of these T hadronic

decay and the cross section of the process eTe™ — N7t~ via the CVC hypothesis [36].
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The relevance of testing the CVC hypothesis resides in the hadronic contribution to the SM
estimation for the muon anomalous magnetic moment, which uncertainty can be reduced
using T decays and CVC.

Chapter 7 discusses the phenomenology of the decay T~ — M7~ Vv, a process that has
never been observed and is heavily suppressed in the SM by G-parity violation. This char-
acteristic makes it an excellent candidate in the search for non-standard scalar and tensor
interactions. In particular, the contribution of a charged Higgs or leptoquarks may enhance
the branching ratio of the decay [37, 38, 39]. A sensitivity study for their detection is also

performed at the Belle II experiment.



Chapter 2

B! Lifetime Measurement at the D@ Exper-

iment

One of the cleanest areas for flavor studies is the b decay physics, because the mass of the
b-quark is large enough to control the impact of hadronization effects [40]. That explains
why B-physics is a central topic in the program of the most recent experiments [41,33]]. The
B, and B; meson systems provide sensitive probes of the CP violation structure of the SM.
While CP violation has been studied extensively in the B system, less information exists for
the B? system. In this work, the Bg mixing is the major focus.

A brief description of the By mixing process and the SM parameters involved are dis-
cussed. The flavor, mass and CP eigenstates of the By are introduced, explaining the re-
lationship between them and the importance of measuring the properties of each one. We
measure the lifetime of the BY heavy mass eigenstate through the CP-odd decay channel

BY — J/yfo(980), using data provided by the D@ experiment during the Run II of Tevatron.

2.1 The BY Mixing Process and CP Eigenstates

The BY (with quark content bs) and BY (quark content b$) mesons are produced as flavor

eigenstates at colliders. However, neither conservation law prevents B and BY from having

9



10 2. BY LIFETIME MEASUREMENT AT THE D@ EXPERIMENT

transitions (See Fig. [2.1)). Therefore, they may oscillate between themselves. In the SM these
transitions are suppressed because they are FCNC processes. BSM contributions to mixing
could be easily of a similar size as the SM contribution. After the production, the B? and BY

mesons propagate as mass eigenstates
[BL) = pIBY) +4q|BY), |Bu) = p|BY) —qlBY), 2.1)

being p and g complex parameters with the normalization condition |p|?> 4+ |¢|> = 1. The state
|By) corresponds to the heavy mass eigenstate and the state |Br) to the light one. In the
SM, four parameters describe the Bg - B’g mixing process: the mass difference Amg between
the light and heavy mass eigenstates, the width I'y and I';, of the heavy and light eigenstate,

respectively, and the weak mixing angle ¢;.

Vi T Vi - Vi w Vi

B 4% W B B! t t B
Via ¥ W Vie W V2

Figure 2.1: Lowest order Feynman diagrams that induce Bg - 32 oscillations, where g =

{d,s}.

The mass difference of the two mass eigenstates AMy = My — M| is given by the off-
shell intermediate states of the box diagrams in figure [42]], thus it is sensitive to heavy
internal particles contributions, such as the top quark or the W-boson in the SM, or BSM
particles that may contribute. The decay rate difference Al'y = 'y — 'y is given by on-shell
intermediate states, then it is sensitive to light internal particles. In ref. [43] it is shown that
new physics effects for Al'y can be at most of the order of 30% given other experimental
constraints, for this reason a precision measurement of the quantities involved in the BY - B
mixing, particularly the decay rates I'z, I'y and their difference, is fundamental in the search

of BSM contributions for the box diagrams.
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2.2 The B’ CP Eigenstates

The CP transformation exchanges the BY and BY states
CP|B)) = €“|BY), CP|BY) =e"|BY). (2.2)
Then, eingenstates of CP can be defined as
Bs) = J5(|BY) £5IBY)), (23)

where |B.) and |B_) are the even and odd eigenstates, respectively. If CP violation is ne-

glected in mixing, it can be shown that ¢/p = +¢5, giving
CP|By) = —|By), CP|BL)=|BL). (2.4)

That is, the mass eigenstates are also eigenstates of CP [32]. The heavy mass eigenstate
coincides with the odd eigenstate of CP, and the light mass eigenstate corresponds to the even
eigenstate of CP.

In consequence, a measurement of the BY lifetime in a pure CP eigenstate gives informa-
tion about the lifetime of the heavy or light mass eigenstates, which are important parameters

to improve the understanding of the mixing process in the BY system.

2.3 The CP-odd Decay Channel BY — J /v £,(980)

The BY — J/yfy(980) channel is a pure CP-odd eigenstate decay. Indeed, the B is a spin 0
state with negative parity, the resonance f(980) has J*¢ = 07+ and the J /y has J7¢ = 17—,
For this reason, this channel is a very good alternative to the well known golden channel
Bg — J/yo to study the Bg mixing, because the last one requires an angular analysis to
obtain the CP-even and CP-odd contributions of the eigenstates [44]]. The BY — J /yfo(980)
decay was first discussed in [45] and it has been observed by the LHCb, Belle, CDF, and
D@ collaborations [46, 47, 48| 49]. Due to its CP-odd nature, in the absence of CP violation
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in mixing, the final state can be produced only by the decay of the Bg heavy mass eigenstate,
and the measurement of the BY — J/yfy(980) lifetime can be translated into a measurement
of I'y. In 2011, the CDF collaboration reported a first measurement of the lifetime [48],
obtaining ¢t = (510 £36 £9) um. After that, the LHCb and CMS collaborations reported a
lifetime of ¢t = (5104+ 12+ 8) um and ¢t = (502 4+ 10.2 £ 3.4) um, respectively [50, [51].

2.4 The D@ Detector

The D@ experiment is a multi-porpuse detector, with a typical layered design (See Fig. [2.2)).
The D@ detector is one of the two large particle physics experiments at Fermilab’s Tevatron
collider. The D@ collaboration began in 1983 and involved hundreds of scientists from 77
institutions. The experiment was upgraded from 1996 to 2001 and ran until the Tevatron

ceased operations in 2011.

The most relevant components of the D@ detector to this analysis are the central tracking
and the muon systems. Pre-shower detectors, electromagnetic and hadronic calorimeters
surround the tracker. The muon system is located outside the calorimeters, and consists of
multilayer drift chambers and scintillation counters inside 1.8 T iron toroidal magnets, and

two similar layers outside the toroids. The D@ detector is described in detail in Ref. [52].

2.5 B Lifetime Measurement in the J/\yf,(980) State

The lifetime of the B? meson is measured in the decay channel BY — J/yntn~ with
|Myzi 5 —980| < 100 MeV/c?, which is mainly CP-odd and dominated by the f(980) reso-
nance. The J/y is reconstructed in the u™u~ decay mode. The data used in this analysis were
collected with the D@ detector during the Run II of the Tevatron Collider at a center-of-mass

energy of 1.96 TeV, and correspond to an integrated luminosity of 10.4 fb—!.
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Figure 2.2: Design diagram of the D@ experiment. Pre-shower detectors, electromagnetic
and hadronic calorimeters surround the tracking system, and the muon detectors are located

outside the calorimeters.

2.5.1 Event reconstruction

To reconstruct the BY candidates, first a reconstruction of J/y — u*u~ candidates is per-
formed looking for a pair of muon tracks with opposite charge and common vertex. Each
J/y candidate must have a transverse momentum greater than 1.5 GeV/c and a mass inside
the 2.80 — 3.35 GeV/c? window. After that, a search is made for TT@~ tracks forming a
common vertex with the J/y candidate. The invariant mass of the two pions is required to
be in the region 880 — 1080 MeV/c?, mainly dominated by the fo(980) resonance. The B?
candidates are reconstructed by a constrained fit to a common vertex for the four charged
tracks, requiring an invariant mass inside the range 5.1 —5.8 GeV/c? and a Pr greater than
6.0 GeVl/e.

Figure shows the invariant mass distribution of the BY candidates after the selection

and cuts, in which several background sources are identified.

e Cross-feed contamination: mainly produced by the combination of J/y mesons from
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b hadron decays with another particles.

e Combinatorial background: coming from the random combinations of J/y mesons

with additional tracks.

e B contamination: BY — J/WwK™ decays in which the kaon is misidentified as a pion,

and an extra track accidentally forms a vertex with the J/yK ™.

“E 400 Cross-feed ’
> i{‘ Contamination D@, 10.4 fb
= 350 } } (B> J/W+X)
% 300;_ % ‘} * B+ contamination
|5 250 Moo *{ /
w 200; { } t $ % E(I:mbinatorial
E g
1 —
%0F I Hyh,
100:— Ix] i 3 ;
50;_ Signal H»'}*{,”
P N R B B R B
g.1 5.2 5.3 54 55 5.6 5.7 5.8

Invariant Mass B2(u*w ') [GeV/c?]

Figure 2.3: Invariant mass distribution of the BY candidates after the selection and cuts.

Several background sources around the BY peak are identified.

2.5.2 Lifetime measurement method

The lifetime measurement is based on the transverse decay length method. The transverse
decay length is defined as
Ly = Ly - Pr/Pr, (2.5)

where I3T is the transverse momentum vector of the B?, and ny is defined as ﬁgure shows.
The proper transverse decay length A is obtained applying a boost to L,,. If 8 is the velocity

with respect to ¢ and 7y is the Lorentz factor,

_ Ly . Ms
=B e 2.6



2.5. BY LIFETIME MEASUREMENT IN THE J /v f,(980) STATE 15

where Mp is the mass of the B? taken from the world average reported in the Particle Data

Group [35].

TV B,

Decay vertex

Primary vertex

Figure 2.4: The decay vertex is located as the point where the tracks of the final state particles
coincide. The vector, transverse to the beam, between the primary vertex (where the candidate

is produced) and the decay vertex is labeled as ny.

To measure the lifetime, a simultaneous unbinned likelihood fit to the mass and proper

decay length distributions is performed. The likelihood function L is defined by:
N . . .
£=TT [N+ N + N, 2.7)
j=1

where N is the total number of events and N, N, and N, are the expected number of signal,
background and misreconstructed B™ events in the sample, respectively. The last one, due to
the kinematics, if the kaon is misidentified as a pion and another pion is added in the search
for BY — J/yn*n~ decays, the invariant mass of misreconstructed B — J/WK* decays
could be boosted to the region of the real Bg events or even higher. fsj , Tbj and ij are the
product of three probability density functions that model the mass m, the proper transverse
decay length A and the uncertainty on proper decay length o) distributions for the signal,

background and misrecostructed B events
Fo = Ma(m)Ta(A)Ea(0y,): 0= {s,b,p}, (2.8)

where m, A; and G represent the mass, A and its uncertainty, respectively, for a given decay

J-
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Figure 2.5: Cross-feed background shape from B® — J /y+ X Monte Carlo simulation, fitted

with a single gaussian plus exponential.

For the signal, the mass distribution is modeled by a Gaussian function

Ms(mj;;uac) = #e_(mj_lu)Z/(sz% (29)

V2no?

where y and ¢ are the mean and the width of the Gaussian.
The background, divided in combinatorial and cross-feed physics contamination from

B — J/y+ X decays, is:
My(mj) = fr- MEO™ (m) + (1 — fp) - MG (1), (2.10)

where f}, is a fraction parameter. The physics contamination is mainly produced by the com-
bination of J/y mesons from b hadron decays with other particles produced in the collision,
or from the same b hadron ﬂ Figure shows the background shape from B — J/y+ X
Monte Carlo simulation. The cross-feed contamination is described by a Gaussian compo-

nent
1

Mlc)ross-feed(mj;‘ubjcb) — e—(mj_#b)2/(20§), (2.11)

2
ZTEGb

!Other b hadron decays with final states such as B® — J/yKm=, B® — J /ynr and BY — J/WKK are recon-
structed below the signal of the BY, either due to the lower mass of the B or the missed mass when a kaon is

misidentified as a pion.
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Figure 2.6: Data sample reconstructed as BT — J /WK™ decays, where a peak related to
B physical contamination in the sample is observed (left). Events on the peak, inside the
window mass 5.15 GeV - 5.35 GeV, are selected. These events are misreconstructed as
BY — J/yntn~ decays (right). A non-parametric function describes the shape of the misre-

constructed B decays [33]].

where u;, and ), are the mean and the width of the Gaussian. On the other hand, the combi-

natorial background mass distribution is described by an exponential function
Mgomb(mj;ao) = M (2.12)

being o a constant parameter. The contamination M,(m;) from B* — J/yK* decays is
modeled by a non-parametric function [53] extracted from data, as figure [2.6] describes.
The A distribution is parameterized by an exponential decay convoluted with the resolu-

tion function R
1 /= —X
TSO\‘jaGM) :7\,_3/0 R(x—?»j,cj)exp (E) dx, (2.13)

with A = ¢t of the BY to be measured and

1 —3
R(Aj,0p,) = ex e r 2.14
The background A distribution 7 (A ;) is parametrized by the sum of two exponential

decay functions modeling combinatorial background and an exponential decay for the cross-

feed contamination. An exponential decay describes Tp,(A ;) that accounts BT decays.
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The distribution of the A uncertainty ES(GM) is modeled by an exponential convoluted
with a Gaussian with decay constant 1/7, convoluted with a Gaussian function with mean €

and width o:
1 —X
Ey(03,:7,€,8) = 7 N®G(x—0y,88)  (x>0), (2.15)

and by two exponential functions convoluted with a Gaussian for the E,(0,) and Ej(0y,;)
background distributions.

The fit yields 494 £ 85 events and a lifetime of ¢t = 504 +42 um for the signal compo-
nent. A summary of the fit parameters is showed in table 2.1} Figures[2.7 and [2.§] show the
distributions of data with the fit result superimposed. To confirm the presence of the f;(980)
resonance, the events within one 6 of the Bg mass are selected, and the mass distribution of

the T m™ pairs is fitted with a Flatté model [54]], as shown in figure

S
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Figure 2.7: Invariant mass distribution for BY candidates. The model obtained from the fit

and each one of its components are superimposed [S3].

2.5.3 Systematic uncertainties

Several sources of systematic uncertainty are considered. Table 2.2 summarizes the uncer-
tainties with its source and the total uncertainty, determined by combining individual uncer-

tainties in quadrature. The uncertainty related to alignment has been previously determined.
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Parameter Min Max Initial Value Final Value
Mass model:

Mean of signal Gaussian (GeV/c?) 5.350 5.400 5.350 5.362£0.005
Width of signal Gaussian (GeV/c?) 0.000 0.150 0.004 0.04240.004
Mean of cross-feed background (GeV/c?)  5.000 5.500 5.000 5.130+0.012
Width of cross-feed background (GeV/c?)  0.000 0.100 0.080 0.093£0.011
Number of signal events 0 10,000 500 494485
Number of background events 0 10,000 3,000 4,027+£162
Number of misreconstructed BT events 0 10,000 1,000 1,511£178
Cross-feed background fraction 0.000 1.000 0.500 0.494+0.040
Combinatorial background exp. coef. -10.000 10.000 -1.000 -1.485+0.196

Proper transverse decay length model:

Long-lived background decay constant 0.000 1.000 0.050 0.002+0.004
Short-lived background decay constant 0.000 1.000 0.050 0.009740.0024
Long-lived background fraction 0.000 1.000 0.500 0.0720+0.1568
B background decay constant 0.000 1.000 0.050 0.0267+0.0014
Cross-feed background decay 0.000 1.000 0.040 0.0421£0.0015
Signal lifetime ct (um) 10.0 1,000.0 500.0 504.0+42.4

Table 2.1: Summary of parameters for the fits and results of the BY lifetime measurement.
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Figure 2.8: Proper transverse decay length distribution (left) and proper transverse decay

length uncertainty (right) for BY candidates. The model obtained from the fit and each one of

its components are superimposed [S3].

The n*n~ invariant mass window is varied from its nominal width of 200 MeV /c? to be-

tween 160 and 240 MeV /c?. The modeling and fitting method is tested with data generated

in pseudoexperiments, in which a bias of -4.4 ym arises for an input lifetime of 500 yum and

500 signal events. This bias is corrected in the nominal result. Finally, the parametrization

of the models used to describe the distributions are changed, and the variation with respect to

the nominal result is taken as a systematic uncertainty. Appendix |[Al shows further details in

the systematic uncertainties estimation.

Source Variation (um)
Alignment 54
Tt invariant mass window 8.0
Fit bias 4.4
Distribution models 12.5
Total (combining in quadrature) 16.4

Table 2.2: Summary of systematic uncertainties.
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Figure 2.9: Invariant mass distribution of the T* 7~ pairs coming from events within £16 of

the Bg mass [53]].
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Figure 2.10: Fitted lifetime values in consistency tests selecting BY mesons with (1) n > 0,
2)n<0,3)0>m, (4) 0 <=, (5) Run Ila and (6) Run IIb. The lines represent the nominal

value.

2.5.4 Cross checks

To test the stability of the lifetime measurement of the B meson, we split each data sample
according to different kinematic and geometric parameters (1) >0, (2)n <0, (3) 0 > 7, (4)
¢ < m, and compared the fit results for each case. We split the data into D@ Run Ila (5) and
Run IIb (6) too. In all cases, we found the lifetimes consistent with the nominal measurement

within their uncertainties. Figure [2.10|shows the results of this comparison.

Using the B* background component extracted from the data, we performed a fit for the

lifetime of this component of the background. The result is in good agreement with the values
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obtained from the global fit. We have also fit the lifetime of the cross-feed contamination from
the simulation and again consistency with the nominal result is observed.

In order to estimate the effect of a small non CP-odd component in the analysis, we
performed the fit with two exponential decay components for the signal, with the lifetime of
one of them fixed to the world average of the CP-even B(S) lifetime [35]], and its fraction to be
0.01 as found by the LHCb experiment [50]. The lifetime fit finds a variation of 1 ym with

respect to the nominal fit result.

2.5.5 Results

In summary, the lifetime of the B? is measured [55]], obtaining:
cT(B?) = 508 +42 (stat) + 16 (syst) um, (2.16)

from which:

’C(Bg) = 1.70+£0.14 (stat) + 0.05 (syst) ps, (2.17)

in the decay channel BY — J/yrntn~ with 880 < My, < 1080 MeV/c?.
Our result is in good agreement with previous measurements from LHCb and CDF collab-
orations, and the later measurement from CMS (See Fig. It also provides an independent

confirmation of the longer lifetime for the CP-odd eigenstate of the BY /B system.



Chapter 3

Tau Lepton Physics

In 1975 at SLAC, the collaboration later known as MARK 1, reported the observation of
anomalous lepton production [56]. With a maximum energy of 4.1 GeV in the e*e™ collider
SPEAR, the collaboration found events in which acollinear electrons and muons of opposite
charge were observed, accompanied with missing momentum of the event. Below certain
energy threshold, these “lepton flavor violating” effects disappeared (See Fig [3.1). It was
latter confirmed that the source of eu+missing momentum events is a pair of leptons heavier
than the electron and the muon [57]. They called the new lepton as T [38]], for the first letter
of the word Tpitog, which means the third. The discovery of the T lepton led to the Nobel
Prize for physics awarded to Martin Perl in 1995.

In this chapter, the measurement of basic properties of the T lepton are discussed. Mass,
lifetime and branching ratio of their decay channels characterize the heavy lepton discovered
by Perl. The phenomenology of semileptonic T decays and the structure of resonances is also

described.

3.1 7 Lepton Mass

The T lepton mass, my, is one of the fundamental parameters of the Standard Model. Its

precise measurement is crucial for tests of the Standard Model such as lepton universality.

23
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Figure 3.1: The Mark I detector with one of the eu events displayed, as showed at [S6]]. The u
moves upward and the e moves downward. The numbers 13 and 113 give the relative amount

of energy deposited by the u and the e.

To date, two main techniques are used for the determination of m;: production threshold and

pseudomass technique.

The simplest way to measure the mass of the T lepton is a scan of the production threshold.
In 1978, the DELCO collaboration was the first to determine m; [39], finding the center-of-

+

mass e" e~ collision energy at which T production appears. With 692 observed T pair events,

DELCO reported a mass of 178277 MeV/c?.

The threshold method is also the most precise to date. After several measurements per-
formed by different experiments along the time, the BES III collaboration has measured the
T lepton mass with the highest precision using this technique [60], reporting a measurement
of my = (1776.91+£0.127913) MeV/c2.

The method described above can be used only by experiments running near the T produc-
tion threshold. The ARGUS collaboration was the first one to measure m+ using a different
method, called pseudomass technique [61]. Using an integrated luminosity of 341 pb~! with

+

ane" e collision energy between 9.4 and 10.6 GeV, ARGUS performed a mass measurement
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using the channel T — 37v, obtaining m; = (1776.3 +2.4+1.4) MeV/c?.

The pseudomass technique also allows to perform a test of CPT violation, measuring in-
dependently the mass of T and T~ . The Belle and BaBar collaborations performed measure-
ments using the pseudomass technique, getting m; = (1776.61 £0.13 £0.35) MeV/c? and
my = (1776.68 £0.12+£0.41) MeV/c?, respectively, and putting also an upper limit in the dif-

ference between the T+ and T~ masses, setting upper limits of (my+ —m;-)/mg <~ 3 x 1074

at 90% confidence level [62, 63]].
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Figure 3.2: Compilation of most recent T mass measurements. The average reported by the

PDG 2018 [64] is represented by the yellow line.

3.2 7 Lepton Lifetime

Using a sample of 1500 T+t~ pairs, produced at the center of mass energy of 29 GeV,

the Mark II collaboration at SLAC performed for the first time a measurement of the T

m, (MeV/c?)
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lepton lifetime. They used the vertex projection of 3-prong tau decays to determine the
flight distance between the interaction point and the decay vertex, reporting a lifetime of
T = (4.6 +£1.9 x 10713) s [63]].

Several methods to measure the 7T lifetime have been implemented. Each one of them
uses different decay topologies and deals with a variety of systematic uncertainties. Fig-
ure shows the most recent lifetime measurements performed by several collaborations.
The latest one, reported by Belle collaboration, reduces significantly the measurement un-
certainties. Belle performed the analysis using 3-prong decays in both T+1~ created in the
collision of electron and positron. At an asymmetric-energy collider such as KEKB, the one
who provides the collisions for Belle, the laboratory frame angle between the t+ and the
T~ is not equal to 180 degrees, so the collision point can be found from the intersection of
the two T lepton trajectories. Using kinematic constrictions, the direction of each 7T lepton
can be determined with a twofold ambiguity, allowing the high precision measurement re-
ported, T = (290.17 4 0.53(stat) + 0.33(syst)) x 10~ 155 [66]. Additionally, a B-factory as
Belle has the capacity of measuring the lifetime of T* and ©~ independently, with the result
(Te+ — Tr- )/ Taverage < 7.0 X 1073 at 90% C.L. [66]. This provides a test of CPT symmetry

using T lifetimes.

3.3 Branching Ratios of T Decays

The T lepton is massive enough to decay into leptons and hadrons. More than 200 decay
channels have been reported so far by experiments [64]. The measurement of branching
ratios of exclusive T decays depends on the knowledge of the produced T leptons and the
identification of the final state particles for each T decay. The first one can be obtained
from the cross section G(eTe™ — T+T_), which is well known. The final state identification
depends on experimental aspects.

The simplest way to classify the T lepton decays is using the topology of the decay. Fol-

lowing the convention used in T lepton physcis, in this work ‘prong’ refers to the number of
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Figure 3.3: Compilation of most recent T lifetime measurements by the HFAG-Tau 2014 [67].

The average is represented by the yellow line.

charged particles in the final state of the decay. The phase space in a T decay is big enough
to produce up to 12 pions. However, only one, three and five prong decays have been ob-
served. Current average from measurements of branching ratio, reported by the Particle Data
Group (PDQG), for 1-prong decays is 85.26% [64]. 3-prong and 5-prong decays have branch-
ing ratios of 14.55% and 9.9x 10~%, respectively. The current limit for a 7-prong decay is
BR(t~ — 4h~3h* > 0 neutrals v) < 3.0 x 10~7 at 90% C.L. [68].

The other possibility is classifying the decays as leptonic and semileptonic, in function of
the final state particles nature. Leptonic decays correspond to the processes T — VeV, and
T — ViV, . Figure[3.4] (a) shows the Feynman diagram of a leptonic decay at tree level. The
process may be treated as an effective four fermion interaction, adding the non-locality of the

w* propagator as a correction.

1. According to the electroweak theory, the leptonic decay of a lepton ¢ into a lighter one
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(a) (b)

Figure 3.4: Feynman diagrams of T decays at tree level. (a) Leptonic decay and (b) semilep-

tonic decay, with hadronization of the produced quark pair from the charged week current.

¢ is described by
2 5
Gipmy

(0 — £'v,¥)) = — 20
(6= OV = Toam

F(mG/mf)(1+ Agpr), 3.1)

where Gy is an effective coupling introduced to account for electroweak corrections [69,70],
f(x) =1—8x+8x>—x*—12x?logx and Ayp contains QED corrections [[71,[72]. The averages

reported by PDG [64] for branching ratios of leptonic T decays are
BR(T™ — vie V., ) = (17.8240.05)%, (3.2)

BR(T™ — Vo ¥, ) = (17.33£0.05)%. (3.3)

These are the most precisely determined T decay fractions, mostly because the absence of
hadronic contamination in the process. This feature make decays of T leptons and excellent
place to test lepton universality with all three leptons. Together with muon decays, it can test
lepton universality in a clean way beyond 107> accuracy if better measurements of the mass
and lifetime of the tau lepton are achieved.

2. In the case of the semileptonic decays, the process is described in form of a current-

current interaction. Assuming a V — A structure

Gr _
—I;vtyy( 1—7s)t HY, (3.4)

75

M (1~ — hadrons™ vz) =
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Figure 3.5: Branching ratios of T lepton decays reported in reference [64] classified by (a)
topology and (b) leptonic, Cabibbo allowed and Cabibbo suppressed. Values displayed are

re-weighted for a sum of 100%.

with

H" = (hadrons |(V; d + V.5 5)¥'(1 —s) u|0). (3.5)

It means, semileptonic decays can be classified into Cabibbo allowed (V;; part) and Cabibbo
suppressed (V.5 part). Figure shows the percentage of T decays into leptonic, Cabibbo
allowed and suppressed modes. Semileptonic decays will be discussed with more detail in

section 3.4]

Given the large amount of semileptonic decays, they can also be classified as exclusive
and inclusive channels. Inclusive channels can be predicted in a relatively clean way based
on QCD. The measurement of the associated branching fractions or spectral functions play
a very important role in the extraction fo the V,;; CKM matrix element or the determination
of the strong coupling constant at the lowest energy scale. On the other hand, exclusive
channels are more difficult to predict from the first principles of the SM, given the involved
energy scale of the decay processes which requires reliable predictions of non-perturbative

form factors.
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3.4 Semileptonic T Decays

As mentioned before, the T lepton is the only lepton massive enough to decay into hadrons.
The exhaustive analysis of semileptonic T decays provides a clean environment for tests of
theoretical QCD processes with the first and second generation of quarks involved.

Before the discovery of the T lepton, the decay of a heavy lepton into hadrons was studied
by Paul Tsai [36]]. Ignoring the exchange of an intermediate W+ boson, the amplitude can be
described as the interaction between leptonic and hadronic currents. From (3.4)

2

G
dr'(t — hadrons vy) = A; \Verm|* Ly H*™ d®, (3.6)

T

being |Vckm| the CKM matrix element, L,y the leptonic tensor and H*¥ the hadronic tensor,
with a Lorentz invariant phase space element d®. The hadronic tensor obeys a Lorentz
invariant construction with structure functions embedded [73]]. For the simplest semileptonic

decay modes T~ — vy and T~ — K V¢, the structure functions are reduced to

(P~ (p)|dy"ysul0) = —ivV2fpp", 3.7)

where P~ =n ,K . The matrix elements are well known from the measured decays
T — uvyand K — uv,,.

Decays into two pseudoscalar mesons T — P~ PPV, are mediated by a vector current. The
hadronic matrix element can be parametrized with vector and induced scalar form factors

PP PP,
Fi" and Fy " :

_ = A / 1 / A / /
(P~ P|dy'u|0) = Cpp Kp — po— g’ P q) FPP (s) + %qﬂFOPP ()], (3.8)

where p" and p’é are the momenta of charged and neutral pseudoscalar particles, respectively,

g“ = (p_ 4 po)* and s = ¢>. Except in the case in which PP’ = n’n(/), Kn~ or K*n(,),

2

the mass square difference App = m%, — My

suppresses the scalar contribution because the
vector current is conserved in the limit of isospin symmetry, in which the quarks have equal

mass. Cpp is a global normalization coefficient, chosen in the way the vector form factor
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Fy(s) is 1 at lowest order in chiral perturbation theory [74], then

1 3
CTUT:\/§7 CKKZ_ly Canﬁu an:_la CKT]:\/;' (3'9)

Higher multiplicity modes contain a richer dynamical structure, but these decay modes are
harder to be described.

Semileptonic T decays show a rich structure on resonances, making them a good place for
the study of meson dynamics. Several T decay modes have been analyzed for their resonance
structure. The intermediate W™ couples only to quarks with a total angular momentum J =
0 or 1, which means states with J > 2 will not be observed.

Table [3.1| shows the quantum numbers of the hadronic final states accessible by Cabibbo-
allowed T decays and the mechanisms of suppression. Each final state may be reached
through intermediate resonances. There are only two channels, /P76 = 1=+ and J7¢ = 11,
which are not suppressed by any mechanism. These corresponds to the decay channels T —
pvz and T — a; V¢, being p preferred by phase space. This is consistent with T — mn’v, having
the largest branching ratio of all the possible T decays, BR(t — ntn’v;) = (25.49 4 0.09)%,
and dominated by the intermediate vector state p [/5]. The presence of p excitations, as
p’(1450), has also been clearly identified.

The decay T~ — (3m) vz is the cleanest to study axial-vector resonances structure. It
is dominated by the a; state with J°¢ = 17~ OPAL and DELPHI collaborations have per-
formed a model-independent analysis of the hadronic structure of T~ — (3m) v; and no

evidence for vector or scalar currents has been found [[76, [77]].

3.5 Standard Model tests in T decays

Precise measurements of the lepton properties provide tests of the SM and accurate determi-
nations of its parameters. The large mass of the T lepton opens the possibility to study many
kinematically-allowed decay modes and extract relevant dynamical information. A global fit

of the available experimental measurements is used to determine the T branching fractions,
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JFe Suppression mechanism Accessible resonance
0T Isospin, exotic -

0~ Isospin, SCC a0(980)

(( Helicity, exotic -

0~ Helicity 7(1300)

1+ SCC b1 (1235)

1t - a1(1260)

1-* - p(770), p(1450)
1= SCC, exotic -

Table 3.1: Summary of the hadronic final states accessible through Cabibbo-allowed T de-
cays. Suppression mechanisms are also indicated, where SCC means second-class current
(discussed in chapter 6) and ’exotic’ means a state not produced from a quark-antiquark

state.

taking into account uncertainties and statistical correlations [67]. The T branching fractions
provide tests for theoretical predictions based on the SM and they can be further elaborated
to determine the CKM matrix element |V,;s| and the QCD coupling constant o at the T lepton
mass.

The separate measurement of the Cabibbo-allowed and Cabibbo-suppressed T decay widths

provides a very clean determination of the CKM matrix element V,;; [[78]]

R
|VMS| = \/RS/ { L 6Rtheory:| ) (3.10)

|Vud|2

where Ry4 = is the ratio between the sum of the partial width of the non-strange hadronic
final states and the electronic partial width, Rg is the ratio between widht of the strange
hadronic final states and the partial width, and SR is determined from low energy QCD theory
[78,179L 80Q]. |V,s| can be also determined from the ratio of the branching fractions BR(t~ —

K~ v;)/BR(t~ — m vy) [81]. Figure shows the |V,s| determinations using T and kaon
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—o— Kz PDG 2016
0.2237 +0.0010
o Ky, PDG 2016

0.2254 + 0.0007

e CKM unitarity, PDG 2016
0.2258 + 0.0009

—e— T — s incl., HFLAV Spring 2017
0.2186 + 0.0021
—e— © — Kv / © — nv, HFLAV Spring 2017
0.2236 + 0.0018
—e— T average, HFLAV Spring 2017

0.2216 £ 0.0015

0.22 0225 HFLAV
v,
Figure 3.6: HFLAV |V,,| determinations using T branching ratios [81], compared to |V,|

determinations based on kaon data and CKM-unitarity determinations [82]].

decays data. It is clear that all |V,;| measurements based on T branching ratios are about 16
lower than the kaon data and CKM-unitarity determinations [82].

The inclusive hadronic decay width of the T lepton is a clean observable to determine the
strong coupling o (m;) with high precision. It is a very important measurement in the sense
that the o (m;) measurement is the best proof of the predicted QCD running [83]. Figure
shows the evolution of the strong coupling to higher energies. The o (m;) determina-
tion can be improved from future high-precision measurements of the T spectral functions,
mainly in the higher kinematically-allowed energy bins. A better estimation of higher-order
perturbative corrections will improve the theoretical accuracy [83]].

Further SM tests can be performed using T lepton data. The leptonic decays probe the
structure of the weak currents and the universality of their couplings to the W boson. Lepton
flavor and number violation decays may constitute a clear indication of physics BSM. New
physics interactions such as scalar and tensor currents can be constrained in rare T decays. In

the next chapters, several topics involving BSM searches in T lepton decays are described.
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Figure 3.7: Evolution of the strong coupling ots(m<) to higher energies and comparison with

direct measurements performed by several experiments [82]].



Chapter 4

The Belle Il Experiment

A B-factory is a machine that collides electrons and positrons mainly at 10.58 GeV, which
corresponds to the Y(4S) resonance energy, producing a large amount of B meson pairs. It
provides a clean environment for precision measurements and searches of physics beyond the
Standard Model. In particular, a B-factory has several advantages in the study of hadronic T
decays respect to other experiments. At the Y(4S) resonance energy, the cross section of the

te~ — 11 is of the same order of magnitude as the production of a B pair from

process e
the e™e™ collision:

G(ete~ — Y(4S)) = 1.05nb,
o(ete” — 1717 ) =0.92nb.

That is why it is usually said a B-factory is also a T lepton factory.

The B-factory of second generation Belle II, coupled to the SuperKEKB accelerator, ex-
pects to provide an integrated luminosity of 50 ab~! at the end of its operation, a sample 50
times larger than the provided by the first generation of B-factories. The physics program of
Belle II will take advantage of the large amount of data in order to perform high precision

measurements. In this chapter, the main aspects of the Belle II experiment are described.

35
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4.1 Integrated Luminosity at SuperKEKB

The amount of collisions produced in an accelerator are described by the luminosity L, de-
fined as the collision rate per cross section

1dN
L=——+ 4.1

e 4.1)
where N is the number of observed events, ¢ is the time and G represents the cross section of

the observed events. The integrated luminosity L;, is given by

Liy = / Ldt. (4.2)

Liyy 1s a parameter describing the number of events produced in collisions. Knowing the

integrated luminosity delivered by a collider, it is possible to get the number of collisions
N=VLjy;-o. 4.3)

Units of L;,; in the cgs system are cm™2. It is common to use the barn (b) as unit, defined as
1b=10"cm?.

The first generation of B-factories, Belle coupled to KEKB and Babar coupled to PEP-II,
recorded a combined sample of 1.5 ab~!, corresponding to about 1 billion of tau pair decays
(See Fig. A.I). In June of 2010, KEKB operations stopped and an upgrade to a Super-B
factory called SuperKEKB started.

SuperKEKB uses the same tunnel and many parts of KEKB (See Fig 4.2), setting the
beam energies to 7 GeV for the electrons and 4 GeV for the positrons circulating in opposite
direction, giving a collision at the energy of the resonance Y'(4S) in the center-of-mass system.
At the interaction region, the nano-beam scheme will be used, increasing the instantaneous
luminosity to 8 x 10 1/cm?s, a factor of 40 larger with respect to KEKB (See Fig. .
This represents experimental challenges as higher background coming from radiative Bhabha
events, Touschek effect and beam gas scattering, with higher trigger rates expected for the

detectors [|84].



4.2. THE BELLE II DETECTOR 37
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o >1ab™!
1200 ! T l On resonance :
[—KEKB 6.54x108 T's W=y Y (5S): 121 M
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Figure 4.1: Integrated luminosity by year recorded by the colliders PEP-II y KEKB. Esti-

mated number of T-pair events produced is indicated.

PEP-II KEKB SuperKEKB
Detector BaBar Belle Belle-11
Starting year 1999 1999 2018
End of operations 2008 2010 -

e :9.0 e :8.0 e :7.0
Beam energy (GeV)

et: 3.1 et: 3.5 et: 4.0
Luminosity (10°° cm2s~1) 12069 21083 8x 10

Table 4.1: Comparison between the B-factories of first generation, PEP-II and KEKB, and
SuperKEKB.

4.2 The Belle Il Detector

Detection of the high-rate collisions produced at SuperKEKB requires also an upgrade of

the detector coupled to the accelerator. Belle II is the name of the detector coupled to Su-
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Figure 4.2: The SuperKEKB accelerator with its main parts described [85]].

$ Tum / /
\, 100p.m dia
5mm

Figure 4.3: Nano-beam scheme used by SuperKEKB (right), compared respect to the size of

the beam at KEKB (left). Vertical beam size is 50 nm at the interaction point in SuperKEKB

[85]].

perKEKB at the interaction point. Belle II keeps the design of the previous detector Belle,
with major upgrades in each of their subsystems, being shortly described in this section. A

complete description of Belle II can be read at reference [83].
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Figure 4.4: Main parts of the Belle IT detector [83].

4.2.1 The vertex detector (VXD)

The vertex detector is composed by two subsystems, the silicon pixel detector (PXD) and
the silicon vertex detector (SVD). The first one uses two layers of DEPFET sensor type [86]],
and the second uses four layers of silicon strip sensors (See Fig. [A.5). Compared to the
Belle vertex detector, the first two layers are closer to the interaction point and the outer
layers have a larger radius. The vertex resolution is expected to be improved as a result of
the modifications in the VXD. A significant improvement in the reconstruction efficiency of

Kg — 't decays is also expected.

4.2.2 The central drift chamber (CDC)

The CDC is composed by 14,336 small drift cells arranged in 56 layers in axial and stereo
orientation, aligned with the solenoidal magnetic field in the first case and skewed with re-
spect to the axial direction in the second. The combination of axial and stereo layers allows

for a 3D reconstruction of helix tracks. Each cell contains helium (He) and CoHg in a 50:50
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Figure 4.5: Geometric design of the DEPFET layers which compose the PXD detector (left).
Silicon layers composing the SVD detector (right) [85]].

mixture and the energy loss of the particles passing through the gas provides also a particle

identification mechanism.

Belle Il

250 mm =—>

<250 mm =—>

Figure 4.6: Comparison between layers of the CDC in Belle (8,400) and Belle II (14,336)
[85].

4.2.3 The particle identification system

The particle identification system in the barrel region is a time-of-propagation (TOP) counter
. It is composed of 16 modules of 45 x 2 cm of quartz, with an expansion volume at the
sensor end of the module (See Fig. 4.7). Two-dimensional information of a Cherenkov ring
image is given by the time of arrival and impact position of the Cherenkov photons. At the
end of the wedge, two rows of sixteen photon detectors with a time resolution of 100 ps are

mounted.
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Figure 4.7: One of the modules of the TOP counter [33].

In the forward endcap region, a Cherenkov ring imaging detector (ARICH) with aerogel
as Cherenkov radiator is used to identify charged particles [88]. Layers of 2cm of aerogel
with different refractive indices are used, and a high granularity photon sensor is located
behind each of the layers (See Fig. [4.8). The design allows a good separation of pions and

kaons with a momentum from 0.4 GeV/c up to 4 GeV/c.

Figure 4.8: Photon detector plane of the ARICH detector (left). Reconstruction of a ring

produced by a cosmic muon (right) [33].

4.2.4 The electromagnetic calorimeter (ECL)

The electromagnetic calorimeter is used in the detection of photons and electrons and the

determination of their energy. In the case of charged tracks reaching the ECL, it has the
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capacity to distinguish electrons from hadrons. It consists of 8736 CsI(T1) crystals located in
the barrel, forward and backward endcaps, covering the 90% of the solid angle in the center-
of-mass system. The readout electronics and software have been upgraded with respect to
the previous Belle detector. In absence of backgrounds a similar performance as Belle is
expected, with an energy resolution of 6g/E = 4% at 100 MeV and n” mass resolution of

4.5 MeV/c? [41].

4.2.5 The K} - muon detector (KLM)

The Kg and muon detector (KLM) is located outside the superconducting solenoid. It consists
of alternating thick iron plates and layers of scintillator strips as active detector elements, in
which KB mesons can shower hadronically. If a muon impacts one of the KLM layers, this

will produce a photon which is detected by silicon photomultipliers.

Belle I X

i
$uper ing coll
i 80,

Figure 4.9: Upper view of the Belle II detector, showing where each one of the subsystems

are located [33]].
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4.2.6 The trigger system

The trigger system identifies the events of physical interest during the data taking. Triggers
must work efficiently in the high collision rate environment of SuperKEKB and must satisfy
the limitations of the data acquisition system (DAQ).

In the case of B and D meson decays, the events are identified from the presence of at
least 3 tracks in the CDC trigger and a large deposition of energy in the ECL. The efficiency
for this kind of events is expected to be close to 100%. However, there is a large list of non-B-
physics triggers being developed as low multiplicity, dark sectors, and T pair decays, which
represents a challenge for the DAQ system. Additionally, the low-multiplicity topology of
these processes is similar to the background coming from the beam and the collisions, leading
to low purity in such triggers.

The Belle II trigger system is composed of two levels of processing: the hardware-based
low-level trigger (L1) and the software-based high-level trigger (HLT). The first one has a
latency of 5 us and a maximum output rate of 30 kHz, limited by the read-in rate of the
DAQ. The second one suppresses events to a rate of 10 kHz for storage, and it reconstructs
the event with offline reconstruction algorithms, allowing access to a full event using all
detectors except the PXD.

A robust trigger menu for the HLT is currently in development. Further details of the

Belle II trigger system can be found at reference [33]].

4.3 Software Framework: Basf2

Basf2 (Belle Analysis Framework 2) is the software framework for the Belle II experiment
[89]. It is used for online and offline data processing, from the HLT to physics analysis. The
basic structure of the processing chain consists of a linear arrange of modules, being executed
in a chain. The data processed by the modules stored in a common storage called DataStore

(See Fig. 4.10). Module tasks could be reading and writing of data, analysis, etc.
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Module chain

N\
l’I II II
Module| |Module| |Module| |Module
#1 #2 #3 #4
Y Y \ Y
DataStore

Figure 4.10: Illustration of the Module chain in Basf2 [89]. Each module has communication

with a common DataStore.

One of the Basf2 features is the simulation of events in the detector using Monte Carlo
(MC) techniques. The simulation starts with at least one event generator that simulates the
primary physics process, followed by the simulation of the particles passing each one of the

subdetectors. It is possible to include the effects of beam background in the events.

Real Virtual
Collision Production Generation |---
v v
Detector Storage Simulation

N -

1
1
1
1
1
1
1
1
Reconstruction '
1
1
1
1
1
1
1

\4

Analysis |€¢-----c-cccaamaaonn

Figure 4.11: Dataflow of events produced in SuperKEKB collisions (left) and simulated using
Monte Carlo (right).
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Physics process  Cross section [nb] Generator Sel. Criteria
Y(4S) 1.11 EvtGen -

Tt 0.919 KKMC -

uit 1.61 KKMC -

dd 0.40 KKMC -

S§ 0.38 KKMC -

cCc 1.30 KKMC -

ete” 300 BABAYAGA.NLO [94,03] 10° <86, < 170°
Y 4.99 BABAYAGA.NLO [94,195] 10° <6y < 170°
utu 1.148 KKMC -

Table 4.2: Production cross section of main physics process from collisions of e*e™ at /s =

10.58 GeV. The generator of the process at Basf2 is also indicated.

4.3.1 Generation

In Basf2, the generation is handled mainly by three groups of generators. To model the
decays of B and D mesons, EvtGen [90] simulates exclusive final states and PHYTIA 8 [91]
inclusive decays. Production of T pairs is simulated by KKMC [92] and some of the decays are
handled by TAUOLA [93]. Continuum production of light quark pairs is managed also by KKMC
and PYTHIA. All generators use the same beam energies and vertex position. Cross sections

of the main physics processes produced in eTe™ collisions at the Y(4S) energy are given in

table

4.3.2 Simulation

Geant4 [96] is the software package used by Basf2 to perform a simulation of particles cre-
ated by the generator passing through materials of the detector. During the simulation, Geant4

transports each primary particle inside the detector, taking into account the trajectory due to
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the interaction with the magnetic field (See Fig. B.12). Secondary particles are also created
during the simulation. Digitalization of hit information in the active volume of the subde-
tectors is handled by separate Basf2 modules. Geant4 uses XML files which contain the
geometry of the detector and the materials. Simulation information is stored in the DataStore

for the posterior reconstruction of the events.

B.
400 Bx 400 - 3

300 4 2 300 1

200 ' = = m 200 1
1
100 1 | | ’ 1001
o L | . e .l
. ¥
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~100 ; ‘ I} ~100 1
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—400 —300 —200 -100 O 100 200 300 400 500 —400 —-300 —200 =100 O 100 200 300 400 500
z/cm z/cm

Figure 4.12: The x and z component of the 3D magnetic field map as used in Basf2 release
version 02-00-02. Sources of the magnetic field are the 1.5 T detector solenoid and the final
focus system (QCS).

In addition to the particles coming from the generator module, the answer of all subde-
tectors to the presence of beam background can be included. A framework for background
overlay has been designed for all detector components, adding measured background events

from real collisions to the simulation using digitized hits.

4.3.3 Reconstruction and analysis

Given the luminosity provided by SuperKEKB and the high-efficiency triggers, expected data
output rate at Belle I is very large. A robust framework for data analysis is required. Data sets
will be processed by stage, starting with the raw data being analyzed for the reconstruction
of events from information like track hits and calorimeter clusters. MC data obtained from

generation and simulation modules can be also reconstructed.
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>
>
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Analysis
Figure 4.13: Flow of information during reconstruction and analysis. In a simulation, first a
decay model is used to determine the kinematics of the primary particles and the detectors

response is simulated.

Figure 4.14: Event visualization in ROOT from information obtained in the reconstruction

module.

The task of the tracking module is the reconstruction of charged particles. Most of the
tracks come from inside the beam pipe, except for the decays of long-lived particles like Kg
and A. The extrapolation of trajectories allows identification of decay vertices and reconstruc-

tion of primary particles using a mass hypothesis in each one of the tracks. Reconstructed
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trajectories are also used for the alignment of the detector.

The electromagnetic calorimeter reconstructs the energy and position of depositions from
neutral and charged particles. This is basically used for reconstruction of photons and 1t’/n
mesons from the decay 1t /1 — vy, but also aids the electron and charged hadron reconstruc-
tion in regions with limited tracking coverage, as the end caps close to the beam pipe. The
sum of all reconstructed showers is used to constrain the missing energy in the event.

Particle identification (PID) mechanisms are vital for the reconstruction of events. A
proper PID information is required to isolate hadronic final states, reduce backgrounds and
allow for flavor identification of primary particles. The TOP and ARICH detectors infor-
mation, combined with the specific ionization measurements (dE/dx) from SVD and CDC
are the primary sources of PID for charged particles in Belle II. Likelihood-based selectors
are the mechanism provided by PID for analysis. Information from each PID system is ana-
lyzed independently, and then a combined likelihood ratio is constructed for each track. Prior
probabilities assigned from specific criteria and mass hypothesis, multiplied by the likelihood
ratio, allow the construction of a identity probability for a charged track

Ly
Lo+ Ly+ Lo+ Lg+L,+ Ly

Xpip = 4.4)

being X = (e,u,n,K, p,d).

4.4 Detector Commissioning Phases

The Belle II experiment will start the full physics program in April 2019, recording data
during 9 months per year, 20 days per month. The goal of the experiment is getting a full
dataset of 50 ab~!, which will be used for precision measurements and searches of physics
beyond the Standard Model. Given the expected luminosity profile (See Fig. 4.153), it will
take until 2020 for Belle II to collect a dataset large enough to equal the one provided by the
B-factories of the first generation.

Two previous commissioning periods known as Phase 1 (Feb - Jun 2016) and Phase II
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Figure 4.15: Integrated luminosity expected per year for Belle II, provided by SuperKEKB.
Phase II, without the vertex system installed, and Phase III with all the sub-detectors are

indicated [33]].

(Feb - Jul 2018) were performed, where a collection of detectors known as BEAST 2 were
deployed for the measurement of background rates and characterization of the environment
in which the Belle II inner detectors will operate [84]]. During Phase I, the detector solenoid
was not active and no collision was performed. In Phase II, all subsystems except the VXD
were active and SuperKEKB performed the first collisions on Apr 26. In total, 500 pb~! of

eTe” collisions at /s = 10.58 GeV were recorded during Phase II.
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Chapter 5

Prospects for T Lepton Physics at Belle Il

Belle II inherits a successful program of T lepton physics from the previous B-factories. In
particular, precision measurements of Standard Model parameters and searches of LFV and
LNV decays, benefiting from the large cross-section of the pairwise T lepton production in

el

e~ collisions are expected. In this chapter, the first results for T lepton physics at Belle II
are presented. Additionally, besides the decay channels with an | meson which are the main

interest of this work, prospects for T lepton analysis are briefly discussed.

5.1 Tt Production at Belle Il

First generation of B-factories, BaBar at SLAC and Belle at KEK, have achieved important
results in T lepton physics, taking advantage of the huge amount of T lepton pairs produced
in the high luminosity eTe~ asymmetric collisions. Recording a combined sample of 1.5
ab~!, corresponding to about 1 billion of tau pair decays, precision measurements of the T
properties have been performed, such as the mass, lifetime, and branching fractions of lep-
tonic and semileptonic decays. Additionally, limits in electric dipole moment, lepton flavor
violation (LFV) and lepton number violation (LNV) decays have been imposed [41]. Fig-
ure [5.1] shows some outstanding results obtained in the B-factories, indicating the integrated

luminosity and the publication year. Most of these results may be improved in the B-factory

51
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of next generation, Belle II.
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Figure 5.1: Highlights of the T lepton physics results in the first generation of B-factories,

indicating the integrated luminosity accumulated.

The data for these first studies was collected with the Belle II detector during the Phase
IL, in which the inner layers of the silicon-based VXD tracking system were missing. The
reprocessed prodS data from Experiment 3 was used with bad runs excluded in accordance
with the official selection, yielding an integrated luminosity of 492 pb~!. The analysis is
performed using release-02-00-01 and GT425 (data_reprocessing_prod5). The official
Phase II MC10 productions with beam background simulated were used. Details of MC10
are described athttps://confluence.desy.de/display/BI/Data+Production+MC10.

The candidate events are selected by requiring only four charged tracks in the event with
zero net charge. Each track should have a transverse momentum of pr > 0.1 GeV, impact pa-
rameters of |dz| <5 cmand |dr| < 1.0 cm and the track should be inside the CDC acceptance
region —0.8660 < cos® < 0.9565. The reconstruction of tau pair production ete™ — tH1~

is performed searching 3-1 prong events, splitting the decay products in two opposite hemi-
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spheres by a plane perpendicular to the thrust axis 1,, defined such that
pi" - fun
Vinr = Z' ’ ‘qc,;" (5.1)

is maximized, with p{" being the momentum in the center-of-mass system (CMS) of each
charged particle and photon. For e*e™ collision data, the thrust magnitude V;, varies be-
tween 0.5 for spherical events and 1 for events with all tracks aligned with 71,;,,.. Figure
represents a T pair reconstruction splitting the event with a plane perpendicular to the thrust
axis. Figure[5.3]shows the distribution of the thrust magnitude for Monte Carlo samples of
possible contamination sources. In order to suppress the background, a cut of V5, > 0.87 is

imposed for event candidates.

hadrons

Figure 5.2: Diagram of a T pair event reconstruction in the center-of-mass system. The
decay products are divided is two opposite hemispheres, signal and tagging side, by a plane

perpendicular to the thrust axis.

Signal side hemisphere is defined as the one containing a 3-prong decay, while the tag side
should contain the 1-prong decay. This is achieved using the product between the cos(6,) of
the tag-side track and each of the signal-side tracks. Here, Oy, is the angle between the thrust
axis and the particle’s momentum in CMS. For opposite hemispheres this product should

be negative. Figure illustrates the separation in hemispheres for the three signal tracks.
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Figure 5.3: The distribution of the thrust value (left) and visible energy (right) in Monte Carlo

simulation of Belle II. Monte Carlo samples are rescaled to a luminosity of 472 pb~!.

A pion mass hypothesis is used for all charged tracks, looking for T — 37V, events in the
signal side. Due to the deficient PID calibration in prodS5, signal side tracks should satisfy the
condition E /Py, < 0.8, where E is the energy deposit in the ECL and Py, is the momentum
of the particle in laboratory system. This requirement mainly rejects the electrons/positrons

from the signal side (See Fig. [5.4).
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Figure 5.4: E /Py, vs E distribution in data for the highest pr track on the signal-side (left).
Distribution in data of the product between the cos(Opys) of the tag-side track and each of

the signal-side tracks (right).

The total CMS visible energy of the event can be used to reduce the background con-
tamination using a threshold cut (see Fig.[5.3). The visible energy distribution clearly shows

that there are undetected neutrinos in the signal events which shift the distribution towards
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smaller values. Further requirements are imposed on the CMS energy of the three hadron
system and tag track. Each of these cuts is summarized in Table [5.1] Additionally, a limited
number of photons is accepted, allowing at most one (ISR or FSR) photon on the signal side.
The following selection applies to them: energy £ > 200 MeV, number of weighted crystals
in the ECLCluster > 1.5, energy sums over crystal areas ratio Eg/E>; > 0.9 (E9 means 3x3
crystals area and E,; is 5x5 minus the corners), and the photon should be inside the CDC

acceptance region —0.8660 < cos6 < 0.9565.

Kinematic variable Cut imposed
Thrust value > 0.87
Visible energy in CMS < 9.7 GeV
ESpan <5.29 GeV
EGYS <5.22 GeV

Table 5.1: Summary of cuts imposed for for tau-pair event candidates.

So far we have assumed that in data the efficiency for firing at least one L1 trigger is close
to 100%. Events in data are required to fire the CDC trigger, with the requirement of at least
three two-dimensional tracks at L.1. For the prodS reprocessing, a significant fraction of runs
are missing the CDC trigger information. Only 291 pb~! of the available 472 pb~' remains

usable after the trigger requirement.

After selection criteria is applied, 9800 events remains as T pair candidates. Figure [5.5]
shows the invariant mass distribution of the three charged pions coming from T — 37V, candi-
dates, with Monte Carlo (MC) simulated events superimposed. Figure [5.6| presents the event

display of the Belle II detector showing one of the event candidates.
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Figure 5.5: Invariant mass distribution of the three pions coming from T — 37v; candidates
reconstructed in Phase II data. Events in data are required to fire the CDC trigger. MC
is rescaled to a luminosity of 291 pb~! and reweighted according to the trigger efficiency

measured in data.

5.2 71 Lepton Mass Measurement

Using the selected events described above, a first T lepton mass measurement at Belle II is
performed following the method developed by the ARGUS collaboration with an integrated
luminosity of 341 pb_1 [97]]. The pseudomass M,;,, defined by

Myin = \| Moy +2(Epeam — Esx) (Esx — Pc), (5:2)

is obtained for each T — 31V, candidate. Here, Ep,q, is the energy of one of the beams in
CMS and M3y, E3n, P3g stand for the invariant mass, the energy and the momentum of the
hadronic system of the three pions in CMS, respectively. Figure shows the pseudomass
distribution with the MC samples superimposed.

An empirical probability density function (p.d.f.) is used to estimate the T lepton mass.
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Figure 5.6: Event display of the Belle II detector showing a 3-1 prong event reconstructed in

Phase II data. It is likely a eTe™ — (T3, — 3MV) (T, — utVeVy,) event.
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Figure 5.7: Distribution of the pseudomass for the 3-prong decay selected events. Selection

criteria is the same as figure @

The edge p.d.f. used is described by

F(Mpyin;a,b,c,m™) = (a* My, +b) - arctan [(m* — M) /c] + Pt (Myin) (5.3)
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in which a, b and c are real values and the parameter m* is an estimator of the T lepton mass.
A fit of the p.d.f. (5.3) in the pseudomass region from 1.70 to 1.85 GeV/c?, yields m* =

(1777.8 =4.8(stat)) MeV/c?. To recover the mass my from the estimator m*, a fit to T; .

3nv, simulated MC events is performed, in order to take into account effects of reconstruction

%

and selection cuts. The result of the fit to generated events with KKMC/Tauola and simulated
using Phase IT geometry is m* = 1778.4 MeV/c?. In the generator, m; is set to 1777 MeV/c?,
which shows a bias in the m* estimator of 1.4 MeV/c.

After applying the correction for the estimator, the mass measurement yields [34]
my = (1776.4 £ 4.8)MeV/c?. (5.4)

Figure[5.§shows the pseudomass distribution of the T — 3wv candidates, with the p.d.f. fitted

superimposed.

5.3 Prospects for T Lepton Physics

As it was mentioned before, Belle II will store 45 billions of eTe™ — T71T~ events, which
allows for the study of T physics with high precision measurements. Prospects for the first
studies of T lepton physics at the Belle II experiment are briefly described. Further details

and a more complete description may be found in the Belle II Physics Book [33]].

5.3.1 Lepton universality

The Standard Model predicts lepton universality, which means the same value of the coupling
g¢ between all the leptons and the charged current: g; = g, = g.. In principle, there is no
reason a priori to expect this. Given (3.1, it is possible to test lepton universality looking at

the ratio

C(u— eVyuVe () 8u my f(mg/mz) ’
which constrains |g;/g,|. In the same way, the ratio I'(T — uv¢V,(Y))/T(T — evVe(Y)) con-

strains |g,/g.| and I'(T — uveV,(Y)) /T (1 — ev,Ve(Y)) provides information of |g;/g.|. Using
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Figure 5.8: Distribution of pseudomass M,,;, = \/ M%n + 2(Epeam — E3r) (E3x — P3g) of Tog
(31) v candidates reconstructed in Phase I data. Events are required to fire the CDC trigger.
The blue line is the result of an unbinned maximum likelihood fit, using an edge function
(a* Myin +b) - arctan [(m* — M) /c] + Pt (M), in which m* estimates the T lepton mass.
A mass of m; = (1776.4 & 4.8(stat)) MeV/c? is measured.

values reported by the PDG [64] and HFLAV [81]], the latest experimental results in lepton

universality are [98]]:

<g‘) — 1.0010-0.0015, (gT) — 1.0029+0.0015, (g‘) —1.0019+0.0014. (5.6)
8u 8u 8u

The precision of the test is limited by the uncertainty of the T lepton mass and leptonic branch-

ing fractions. Improvements in the measurement of these quantities will improve directly the
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lepton universality tests.

5.3.2 Lepton flavor violation (LFV) in T decays

The experimental observation of neutrino oscillations teaches two main things: (i) neutrinos
are not massless and (ii) lepton flavor is violated. If the Standard Model is extended to
include neutrino masses only, the branching ratio of lepton flavor violation (LFV) processes
is too small to be observed (~ 10~>%) [99, [100]. Therefore, observation of LFV in T decays
would be a clear indication of physics beyond Standard Model [101].

At Belle II, the golden channels for studying LFV are T — 3u and T — uy. The first one is
a purely leptonic state and the background is suppressed in comparison with other channels;
the second one has the largest LFV branching fraction in models where the decay is induced
by one-loop diagrams with heavy particles [102, [103]]. Figure shows the prospects for
upper limits to be imposed in T LFV decays according to sensitivity studies described at [[33]]
and, for comparison, the limits imposed from previous experiments. With the full dataset
expected for the Belle II experiment, 50 ab~!, the 90% C.L. upper limit for LFV decays T

will be reduced by two orders of magnitude.

5.3.3 CP violation in T decays

Due to CP violation in the kaon sector, the decay of the T lepton to final states containing a

Kg meson will have a nonzero decay-rate asymmetry A, defined by

p Lt =t KdV.) —T(t™ — 1 KQvz) 5.7)
FT(tt -t KV) +T(t = o Kve) '

The SM prediction [[104, 103]] yields
ASM — (3.640.1) x 1072, (5.8)
On the other side, BaBar is the only experiment that has measured A; [106], getting

ABaBar — (_36+2341.1)x 1073, (5.9)
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Figure 5.9: Current 90% C.L. upper limits for the branching fraction of LFV 7 decays im-
posed by CLEO, BaBar, Belle and LHCb. Prospects for limits to be imposed by Belle II,
assuming an integrated luminosity of 50 ab~!, are indicated too [33]]. Six decay modes also
violates lepton number conservation and the last four modes violates baryon number conser-

vation.

which is 2.8c away from the SM prediction (5.8)). This result cannot be explained even with
models beyond the Standard Model [107]]. An improved measurement of A; will be a priority
at Belle I1.

CP violation could also arise from a charged scalar boson exchange. It can be detected
as a difference in the decay angular distributions. Belle searched for CP violation in angular
observables of the decay T — Kgnv [L0O8], in which almost all contributions to systematic
uncertainty depend on the control sample statistics. So, it is expected that the uncertainties at

Belle II will be improved by a factor of v/70, given the integrated luminosity projected.
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5.3.4 Michel parameters

Decays such as T — ¢v,v are of especial interest because the absence of strong interactions
allows for the precise study of electroweak currents and, in particular, its Lorentz structure.
The most general Lorentz invariant Lagrangian, assuming massless and left-handed neutri-

nos, is [109]]

4G _ ]
L=—"C % N[BTV ()] [Pu(v) TP, (1)] (5.10)
VRt
L,J=L,

with’ =1, TV =y and I'T = ﬁi (Y —7'v), being ¥¥ the Dirac matrices. The process is
then described by ten non-trivial complex coupling constants g% . In the SM, with a Lorentz
structure V-A of the current, the only non-zero coupling is g7, = 1. Additionally, assuming
neutrinos are not detected and the spin of the outgoing lepton is unknown, only four bilinear
combinations of the coupling constants gf\]' are experimentally accessible. They are called the
Michel parameters p, M, § and 8 [110]. In the SM, p=3/4,1=0,& =1 and 8 = 3/4.

The expected statistical uncertainty of Michel parameters at Belle II is of the order of
10~*. Assuming a similar performance as Belle [111]], the systematic uncertainties at Belle
IT will be the dominant ones. Improvements mainly in two-track trigger are needed in order
to reduce systematic uncertainties of Michel Parameters. They have also been measured on
radiative T decays by Belle [[112] and provide complementary information to the non-radiative

process.



Chapter 6

Sensitivity Study of T — nnr’v, Decays

The decay channel T~ — N1V, is the decay involving 1 mesons with the highest branch-
ing ratio. It is driven by the vector current in the limit of isospin symmetry. Contributions
of scalar and pseudoscalar resonances are expected to be negligible by symmetry arguments
[113], allowing a precise study of the couplings in the odd-intrinsic parity sector. Addi-
tionally, in the limit of the SU(2) isospin symmetry, it is a good cross-check of consistency
with the hadronic annihilation e™e™ — Ma™n~. Its average branching ratio, reported by the
PDG, is BR(t — nrn’v) = (0.138 £ 0.009)%, obtained from the three available measure-
ments: (0.17+£0.024+0.02)% by CLEO [114], (0.18 +0.04 +0.02)% by ALEPH [115] and
(0.135+0.003 £0.007)% by Belle [116]. Additionally, Belle is the only experiment that has
measured the invariant mass distribution of the 1~ n” and N~ = hadronic systems (See Fig.
. It is important to notice that the N7t~ distribution has not been measured yet and that the

nn° disagrees noticeably with the MC simulation.

In this chapter, a sensitivity study of the T~ — Mm 7'V, at the Belle II experiment
is performed, motivated by the differences observed between the measured branching ra-
tio of the decay, the predicted branching ratio using CVC from the hadronic annihilation

+

ete” — Mt~ and their kinematic distributions.

63
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Figure 6.1: Invariant mass distributions of the hadronic systems (a) 7~ and n~n’n for
1~ — nn 1V, decays reported at [116]. The normal and filled histograms correspond to the

signal and background MC distributions, respectively.

6.1 7T Decays and CVC

Given the experimental observation of a universal coupling in all reactions involving the vec-
tor part of the charged weak current, the hypothesis of a conserved vector current (CVC) was
postulated in the theory of weak interactions [117, [118]]. CVC assumes: (i) the isovector
part of the electromagnetic current and the vector part of the hadronic weak current are only
different components of the same triplet of isospin currents and (ii) the three components
of this isospin current are conserved. As a consequence, hadronic currents describing T de-
cays mediated by vector currents and low-energy hadronic e e~ annihilations in / = 1 state
are related [119]. Table shows the relations between semileptonic T decays and e'e™
annihilation via CVC.

Te™ cross section,

CVC does not only relate T branching fractions to the integral over e
but also is possible to obtain distributions and spectral function from both processes and com-
pare them directly. This allows the usage of an independent high-statistics data sample from
T decays to increase the accuracy of the spectral functions directly measured in e e~ annihi-

lation. For the vector part of the weak hadronic current in the T decay, the mass distribution
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['(t — had v;) o(ete” — had);—;

I'(t~ — 1 nlv,) clete” —ntn™)

I(t~ — K K%;) clete” — KTK™)and
olete” — K°KY)

I'(t~ = n n nta’v,) and Jo(efe” wmtn ntnT) and

'(t~ — 1 3nv;) 1o(efe” —ntn2n)

I(t~ = nu n'v;) clete” —»mutn)

Table 6.1: Isospin relations between semileptonic T decays and e'e™ annihilation into

hadrons via CVC.

of the hadronic state is [[120]]

dU  G#Via|*Sew

2 2N\2 (. 2 2 2

where q2 =1, Sgw is the electroweak correction [72] and the spectral function v (qz) is given

by

2
n(q)) = 250l (4). (6.2)

The first application of this idea in 1998 was fruitful [121], but the increase of the experi-
mental precision in both e™e™ and T data revealed unexpected problems. Generally speaking,

spectral functions from T decays to pions are significantly higher than those obtained from

eTe data [122][123].

6.2 The Processe™e¢” — nn n~ and its Relation to T Decays

The production of hadrons in the process e e~ — N7t has a close relation with the decay
1~ — M nv,. Using equation (6.1)), the CVC hypothesis and isospin symmetry allow the
prediction of the N7~ mass spectrum and the branching fraction for the T~ — N1V,

decay from data for the e e~ — MAT 7~ cross section. A photon radiated from the initial state
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allows the study of hadron production over a wide range of eTe™ center-of-mass energies in
a single experiment. Figure [6.2] shows the measurement of the cross section performed by
several collaborations [[124, 125} 126, [127]], covering the center-of-mass energy range from 1

to 2.5 GeV.
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Figure 6.2: The ete™ — N T~ cross section measured by the CMD-2, SND and Babar
collaborations [124, 125, (126, (127]].

Using equation (6.1]), cross section distributions of figure can be translated to a pre-
diction of the invariant mass distribution in T~ — M~ n’v, decays. Figure shows the
distribution of 6(ete™ — N ~) data translated via CVC to a prediction of the expected
shape of the nutn invariant mass. For comparison, the distribution measured by Belle (See
Fig. is overlapped. It is clear there are differences between the Nt~ 1’ measured distribu-
tion and the predictions from CVC of e*e™ data. Distributions of figure [6.3|can be integrated
in order to obtain a CVC prediction of the T~ — nn~n’v, branching ratio. Figure shows
the measured branching ratios and the predictions from e*e™ data using CVC. Again, a clear
difference between the measurement performed by Belle and the predictions of BaBar and
SND is observed. Between the measurement of Belle and the latest Babar’s CVC prediction,

a difference of 2.46 is observed [116, [127]].
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Figure 6.3: Distribution of 6(eTe™ — N ~) data translated via CVC to a prediction of the
expected shape of the N " invariant mass. For comparison, distribution measured by Belle

is overlapped.

6.3 Sensitivity Study at Belle I

The differences observed in figures [6.3] and [6.4| motivate a high-luminosity measurement of
the branching ratio and invariant mass distributions of the decay T~ — nn~n’v;. The Belle
IT experiment, with its expected high luminosity, will provide the ideal environment for such
study. Therefore, a sensitivity study is performed in order to project the capabilities of Belle
IT in the measurement of T~ — N~ n’v; decays.

The sensitivity analysis is performed using release-02-00-01 of Basf2, with global
tag GT_gen_prod_004.10_release-01-00-00. The MC datasets used for the study were
generated and simulated during the official 10th Belle II Monte Carlo campaign (MC10). A
simulated data sample equivalent to 2 ab—! at Belle II is chosen for the sensitivity analysis.
It contains samples of generated T+1~, ¢4 and BB pairs with beam background conditions
active. Details of MC10 are described at https://confluence.desy.de/display/BI/

Data+Production+MC10L.


https://confluence.desy.de/display/BI/Data+Production+MC10
https://confluence.desy.de/display/BI/Data+Production+MC10
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Figure 6.4: On the top, comparison of the branching ratio measurements for the decay ©~ —
nr v, [114, 115, [116]. On the bottom, predictions for the branching ratio coming from
ete™ data, using CVC [125] 126, [127]. The PDG average [33] is represented by the yellow
band.

6.3.1 Reconstruction of 1~ — N~ n’v; decays

The selection of events is performed using the 1-1 prong topology. Using the thrust direction
the event is divided in two, searching a single track in signal side with a cut in 7pip such that
the pion efficiency reconstruction is 95%, and a leptonic decay in tag side (See Fig. [6.5).
At this step, an arbitrary number of photons is allowed in signal side. Anm and a nt° are
reconstructed from yy candidates, setting an invariant mass of (0.4 < My, < 0.65)GeV/ c? for
the 1 and (0.124 < My, < 0.140)GeV /c? for n° candidates. Additionally, a t°-veto is applied

for any photon which comes from an 1 candidate.

After the initial selection, additional cuts are performed in order to reduce the background.

Low-energy photons from both 1 — yy and ©° — yy in endcaps are rejected. It is required
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Figure 6.5: Schematic representation of e"e™ — (t;';g — NI Ve) (T — £V¢V1) reconstruc-
tion, with 1) and ¥ reconstructed from 7y (left). Invariant mass distribution of 1 — yy for MC
signal and background events after the 1-1 prong reconstruction (right). In the generation,

the branching ratio of the signal reported by the PDG is used.

Ey > 100 MeV and Ey > 50 MeV for photons from 1 and 7°, respectively. Events with low
missing momentum, Ppiss < 1 GeV/c, and missing polar angle 6,,;ss close to the endcaps are
removed. If the cosine of the angle between Pyss and the thrust direction is larger than 0.7,
the event is rejected. The angle between the photons of the 1 candidates should be lower than
1.5 rad. The transverse momentum of the 1) and ° candidates should be larger than 1.2 GeV/c
and 0.7 GeV/c, respectively. Finally, a cut in the number of remaining photons is performed,
allowing at most 6 photons in the signal side. Details about the kinematic distributions and

cuts are located in the Appendix [B]

Left side of figure @ shows the invariant mass distribution My for the 1 — yy candi-
dates after the selection cuts described above. The efficiency of the cuts is 99.69% and the
remaining number of background events inside the 1 mass window is 136,308. The signal
efficiency has been reduced to 0.72%. In order to count the number of background events
below the eta signal peak, a fit is performed in the My distribution using a Crystal Ball (CB)
p.d.f. [128]], which accounts the energy missed because of the photons escaping of the ECL,

plus a second order polynomial to model the signal and background, respectively. Right side
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of ﬁgure shows the fit result, with a CB mean of u = (545.464-0.26) MeV/c? and a width
of 6 = (13.4540.27) MeV/c?. A mass window of u=+ 36 is defined to count the number of

background events below the peak. The result is summarized in table[6.2]

a = 0.914 £0.051

W= 0.54546 + 0.00026]
o= 0.01345 +0.00027)
Nb = 130837 * 490
Ns = 20819 + 362

0125)

> 12000

Events / (0.005)
@ BN
a (=3 a
o o o
(=} o o

10000

Events / (0.

3000 C a, =-1.8868 +0.013
80001— a,= 0.935 £ 0.018
2500 r
L R = n= 166 +8.4
2000 o000 e \X,_*
L dNey
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R
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Figure 6.6: Invariant mass distribution My, for 1 — Yy candidates after the selection cuts
described in appendix |E| (left). Fit performed in the My, distribution using a Crystal Ball
function plus a second order polynomial to model the signal and background (right).

6.3.2 Branching ratio confidence limits

Table shows the number of event for each MC sample at 1 ab~!. Assuming a linear
behavior in the number of events respect to the integrated luminosity and no changes in the
signal efficiency, it is possible to estimate the confidence intervals for the branching ratio of
the T~ — N~ n'v; decay.

The expected number of signal events is given by
Ny =2BR(t" =N 1t'Vq) - Lin- A, (6.3)

where

A=oc(ete” =171 )-BR(N —Vy) -&. (6.4)

Using the value reported by the PDG [33], BR(n — vy) = 39.41%, and from table [6.2] the

cross section 6(ete” — 171 ) = 0.919 and efficiency € = 0.72%, the maximum and mini-
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MC sample Sig trth BTB~ BOBY
c[nb] - 0.919 0.565 0.535
Events (10°) 1.0 919 565.4 534.6
Efficiency 0.72% 2.03x107 7.07x107° 1.21x1078
Evts after cuts 7240 1860 4 6
MC sample uu dd sS cc
o[nb] 1.605 0.401 0.383 1.329
Events (10°) 1605 401 303 1329
Efficiency 4.05x1077 839x1077 9.41x10~7 9.36x10~7
Evts after cuts 650 336 360 1240

Table 6.2: Estimation of number of events at 1 ab—!, based on the cross-section of each

process and efficiency for each MC sample. The number of signal events is estimated using

equation .

mum number of expected events, Ny, and N;,, can be translated into confidence intervals

for the branching ratio

N (max, min) ( 6 5)
2A- Lint .

BR(T™ — NI 7°Ve) (max, min) =
With the construction of confidence intervals, method developed by Feldman and Cousins
[129], N(max, min) = Nmax, min)(Nsig, Nokg) are obtained, being Ny, and Npke the number of
expected signal and background events according to table assuming a linear behavior
in the number of events with respect to the integrated luminosity. Figure shows the
construction of 90% confidence intervals for the branching ratio of T~ — N~ n’v, as a

function of the integrated luminosity, plus the current average reported by the PDG.
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Figure 6.7: 90% confidence intervals for the branching ratio of T~ — mm ™ n’v¢, as a func-
tion of the integrated luminosity, assuming as central value average reported by PDG. The

uncertainty in the PDG average is showed as a red band.

6.4 Concluding Remarks

Given the current estimates in the amount of beam background, implemented in the simula-
tions used for this analysis, the experiment Belle II will be capable of reducing the uncertainty
in the branching ratio measurement from an integrated luminosity of 1.3 ab~! accumulated.
However, it is important to mention that the observed beam background amount in Phase 11
data is higher than the one expected in simulations [84]. For this reason, in the near future,
our sensitivity result must be reprocessed using simulated MC samples with twice or more

beam background contribution.
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The measurement will also allow reporting the distribution of the invariant mass of the
7197 hadronic system, which is fundamental to confirm or discard the discrepancy with the
n y pancy

cross-section distributions of ete™ — N7 1~ measured (See Fig. |6.3).
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Chapter 7

T — Mm v:: Phenomenological Analysis

and Sensitivity Study

In the SM, rare decays are suppressed decay modes originated by approximate symmetries.
They provide an ideal environment for new physics searches, mostly because their suppressed
amplitudes can be of the same order that effects coming from the contribution of new inter-

actions or particles.

The yet unmeasured T~ — M7~ Vv decay is predicted in the SM as a suppressed mode,
related to isospin-violating processes, with a branching ratio of ~ 107>, BSM effects, such as
a charged Higgs exchange, can also contribute to the production of the decays. This motivates
their study, from a phenomenological point of view, and as sensitivity studies at the Belle 11
experiment pointing to their discovery and properties measurements. In this chapter, a study
of the sensitivity for different observables of these decays, in the framework of an effective
field theory, is shown. The potential discovery at the Belle II experiment or constriction of

the upper limit on its branching ratio is also presented.

75
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7.1 The Decay T — nnv; and Second Class Currents

The G-parity [130] is defined by G = Ce™2, with C the charge conjugation operation and
I; the components of the isospin rotation operators. Following the classification proposed
by Weinberg for strangeness-conserving interaction [[131], hadronic weak currents can be
classified according to their spin (J), parity (P) and G-parity. First class currents must have
quantum numbers J*¢ = 01 07,177, 1~ and second class currents (SCC) must follow
JPG =0+, 0,17+, 17~. The last ones have not been observed yet.

SCC were unsuccessfully searched first in nuclear beta decay processes [132,[133]]. An-
other possibility is their study in T lepton decays, in which the observation of the decay
T~ — b, Vror T° — a, V¢ have been proposed as a clear signature of SCC [134]. The most
feasible possibility is the search of SCC via the decay T — M7V, containing or not an inter-
mediate a( resonance. This proposed decay would be forbidden if G-parity were an exact
symmetry of the SM, because the G-parity of the T~ 1 system is -1, which is opposed to the
vector current that drives the decay in the SM. However, since isospin is only a partial sym-
metry of strong interactions, G-parity gets broken by the difference between mass and electric
charge of the u and d quarks, allowing the decay of the T lepton into a pion, an | meson and th
corresponding tau neutrino. The spin-parity J© of the £ ™n system is 0" or 1~, depending on
whether the system is in S- or P-wave respectively, which gives J°¢ = 07~ (177), Therefore,
the decay can be realized through a SCC.

Historically, T~ — m7©~ v decays attracted a lot of attention at the end of the eighties,
when measurements of final states with an | meson hinted abnormally large branching frac-
tions. In 1987 the HRS collaboration reported the observation of T~ — N~ v with a branch-
ing ratio of ~5%, which is against theoretical expectations [135]. With the time, the situation
settled and these decays have remained unobserved.

In the SM, T — M7V, is suppressed by isospin violation through the ¥ — 1 mixing (See
Fig. and a branching ratio of BR(t — n@vy) ~ 1073 is expected [[136} 137, [138] 37, 139].

Table [/.1| shows the most recent predictions of the branching ratio for this decay, in which
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several models have been used.

Figure 7.1: Production of T — M7v, in the SM through isospin violation, via 7t — 1 mixing

(left) and coupling of the vector current to a scalar ag resonance (right).

The current experimental limits for the branching ratio of T~ — nn™ v are:

BR(T™ = N1 V¢) < 9.9 x 107>, 95% CL (BaBar [140]),
BR(T™ — M vy) < 7.3 x 1073, 90% CL (Belle [141]), (7.1)

BR(T™ — M v¢) < 1.4 x 1074, 95% CL (CLEO [142]),

which lie close to the SM estimates (See Table[7.1). This decay channel has not been observed

yet, given the difficulty in controlling the background.

Model BRy (x10°) BRg (x10°) BRy g (x10°) Reference
MDM, 1 resonance 0.36 1.0 1.36 [136]
MDM, 1 and 2 resonances  [0.2, 0.6] [0.2, 2.3] [0.4,2.9] [137]
Nambu-Jona-Lasinio 0.44 0.04 0.48 [138]]
Analicity, Unitarity 0.13 0.2 0.33 [37]
3 coupled channels 0.26 1.41 1.67 [139]

Table 7.1: Most recent SM predictions of the branching ratio for the decay T — nnv;. The

main difference arises from the predictions used for the scalar form factor contribution.
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7.2 Effective-field Theory Study of T~ — nm v,

The suppression of T~ — M7~ V¢ in the SM makes interesting this decay to study the effects
of genuine SCC not induced by isospin breaking effects, such as the ones induced by the

exchange of charged Higgs [23][143] or leptoquark bosons [[144] (See Fig. [7.2).

Figure 7.2: Production of T — nmv; not induced by isospin breaking within the SM, via the
coupling of a charged Higgs to a scalar resonance (left) and the exchange of a leptoquark

(right).

The decay T~ — M7~ v can be studied in the framework of an effective Lagrangian, where
the effects of physics beyond the SM are encoded in the most general Lagrangian involving
dimension-six operators. Our study exhibits different sensitivities to the various effective
couplings [38].

The effective Lagrangian with SU(2), @ U(1) invariant dimension six operators can be

written as [|145 [146]]
(eff) 1 1 .
L =£/5M+F20€i0i —>£SM+‘72ai0i> (7.2)
i i
being &; = (v*/A?)w; the dimensionless new physics couplings, which are O(10~3) for an

scale A ~ 1 TeV. The low-scale O(1 GeV) effective Lagrangian for hadronic Cabibbo-

allowed and lepton-flavor conserving transitions involving only left-handed neutrino fields
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is given by
—4G _ _
Lec= —\/EF Via (1 + [VL]M> CrYaVer @Y dr + [VRlee CrYuVer TRYdR
+ [se]ee CrVer iirdy + [sr]ee CrVer irdr (7.3)

+ [t)ee CROuw VoL iiRG™dL| + h.c.,

where subscripts L and R refer to left-handed and right-handed chiral projections respectively,
¢ = (e, u, ), Gr is the tree-level definition of the Fermi constant and 6*¥ = i[,¥"]/2. The
case vy = vg = sp = sg =tz = 0 gives the SM Lagrangian.

In terms of equivalent effective couplings, €, g = VL., € = 5. + Sg, €p = s — Sg and

er = t, the effective Lagrangian particularized for / = 7T is

. GF Vud

Lee = NG

(1+ecter) [Tl —ps)ve-a|¥ — (1-28) s

+3(1 —75)ve- it [ES —’éPYs} d+2e7 0,y (1 —¥s)ve-ictVd | +h.c.,

where €; =¢;/(1+¢&, +¢eg) fori =R,S,P,T.

7.2.1 Hadronic T decay amplitude
Given the parity of the pseudoscalar mesons, only the vector, scalar and tensor currents can

contribute to the amplitude of the decay T~ (p) — N(pn)T~ (pr)V<(p’), which reads

GFViuav/SEw
V2

where the leptonic currents are given by

M = (1+¢&,+¢eg) [L,H" +ELH + 27 L,y H" ], (7.4)

L, = a(p")yu(1—vs)u(p),
L = a(p")(1+7vs)u(p), (7.5)

L‘u\; = b_t(P/)Gyv(l +75)u(p)77
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and the vector, scalar and tensor hadronic matrix elements are defined as

AQCD
H' = (N |dyul0) = cvQ Fy(s) +es—X Ko g Fo(s), (7.6)
H = (nn |du|0) = Fs(s), (7.7)
HY = (nn|do*"ul0) = iFr(s)(Phpr — PRoy)s (7.8)
in which, ¢ = (pn+pr)¥, Q" = (py — pr)+ (Agn/9)¢", s = g% and Ay = m? —m?, AZCP, =
mK02 — m%ﬁ + m72t+ — m?to. The constants cg = %, ¢y = /2, denote Clebsch-Gordan flavor

coefficients. The divergence of the vector current relates the Fg(s) and Fy(s) form factors [38]

AQCD

Fs(s) = cs(mf—%Fo(s). (7.9)

Thus, Fs(s) inherits the strong isospin suppression of Fy(s). In consequence, the scalar contri-

bution of (7.7) can be absorbed into the vector current trough the Dirac equation L = L,,g" /M-

and replacing

AP o SE,
STKKT o STKOK+ {1+—S} 7 (7.10)
s S mq(mg —my)

in the second term of (7.6). The hadronization of the tensor current is discussed with detail

in references [38]] and [39]], getting a conservative estimate of \F}m] < 0.094 GeV—1.

7.2.2 Dalitz plots

The characterization of hadronic dynamics and search for new physics in the decay T~ —
N7 vy requires the use of detailed observables beyond the branching ratio, as the hadronic
spectrum and angular distributions or Dalitz plot analyses.

In the rest frame of the T lepton, the differential width for the T~ — ™ MV decay is given
by

d°T 1
dsdt  32(2m)

2
vl (7.11)
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Figure 7.3: Left: Dalitz plot distributions |M |2, in the SM, according to eq. (7.13). Right:

Double differential decay distribution in the (s,cos®) variables according to eq. (7.15)) nor-
malized to the tau width, for both decay channels. The Mandelstam variables, s and ¢, are

normalized to M2.

where | M|? is the unpolarized spin-averaged squared matrix element, s is the invariant mass
of the N~ system and ¢ = (p' + py)?> = (p — pp-)*. The kinematic limits for s are (mq +
my)? < s < M?, meanwhile ¢ takes the values t~(s) <t < t*(s), with

zi(s)zzis[2s(M§+m$1-s)-(Mf-s)(Hmﬁ—mﬁ)i(Mf—s) X(s,m%,m%)], (7.12)

where the Kallen function is defined as A(x,y,z) = x* +y? + 2> — 2xy — 2xz — 2yz.

The unpolarized spin-averaged squared amplitude in the presence of New Physics inter-
actions is given by
—  Gg|Vua|*Sew

(M2 = EC BT (1 4 gp +e8)*(Moy +Mry +Mrg
52 (7.13)

+ Moo+ M+ +MTT)

where Moy , M4 and M7 originate from the scalar, vector and tensor contributions to the

amplitude respectively, and My, M7, Mt are their corresponding interference terms. Their
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expressions are

B 5 oCD E-Z\SS
Mo = 2cyesmy x Re[Fy(s)Fy (s)|Agogs <1 + m(md—mu)>
X (s(m%—s+2 2z)+m1A,m )
~ * 5
Mry = —4cyErmisRe[Fr(s)F(s)] (1 — mz) X(s,m%,mf]m)’
T

* /S\Ss
M = —4cA%P e Re|Fr(s)K l+ —
mo= —AcsaD EmaRelFr (R ()] (14 B

X (s(m —5— 2t—|—27m(r))+m%ATm(/)) ,

My = c5(A%.. ) m (1—> |Fo(s)[> <1+mr(55s>27

mg — mu)
My, = c&|F.(s) {mﬁ(s + Ann(/>) —m2s <2Am(/) (s+2t —2m2) + Asz(/) +s(s+ 4t)>
+ 4m121(,)52(m72E —t) 45t (s +1— m,zt)} )
Mrr = 4€7F}(s)s { mf](/) (m? —s) — 2m121(,) (m2 —5) (s +2t —m2) — mr(3m2 +5)

—|—2mi ((s—l—m%)(s—l—Zt)—Zmi) —s((s—|—2t)2—m%(s+4t)) } , (7.14)

where Agn = mi, — m%] and Xy = mi, + m% are defined. In the distribution of Dalitz plots,
new physics effects can be enhanced for large values of the hadronic invariant mass, accord-
ing to Eq. (7.10). Left side of figure shows the square of the matrix element Woo
obtained using the SM prediction for T~ — ® MV form factors [139, [147]. The dynamics
is mainly driven by the dynamically generated scalar resonance with mass ~ 1.39 GeV, fol-
lowed by two populated spots corresponding to the effects of the vector form factor, arround
the p(770) peak.

Angular distributions of decay products are also modified by the effects of new physics.
In order to analyze these contributions, it becomes convenient to set in the rest frame of
the hadronic system, defined by pr + pn = pr — pv, = 0. In this frame, the pion and tau
lepton energies are given by E; = (s +M?2)/2/s and Eg = (s +m2 — m%) /2+/s. The angle
0 between the three-momenta of the pion and tau lepton is related to the invariant ¢ variable
by t = m2 + m2 — 2E:Ex + 2| Pr|| Pr| cos©, where |pr| = /E2—m2 and |B| = \/E2 —m2.

Then, the decay distribution in the (s,cos0) variables in the framework of the most general
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Figure 7.4: Dalitz plot distribution for T~ — T MV decays: left-hand side corresponds to
(€s = 0.002,€7 = 0), while the figures in the right-hand side are obtained with the choice
(€s = 0,€7 = 0.3). The figures in the first row correspond to eq. (7.13)). Figures in the lower
row corresponding to eq. (7.13), are normalized to I';. The Mandelstam variables, s and ¢,

are normalized to M2.

effective interactions is given by
d’T GHVaalSew 2 N\ o
d+/sdcos® - q2£n3m¢. (1+ec+er)’ Tt_l | Pr {(CSAI%OKQZ\FO“ N(s))?
Sgs v 2

2
14— "= 1613252 v
X( +mr(md—mu)) +16|px["s 2m.

s - . -
+4|pr|*s (1 — ﬁ) [c%,\Ff () +48TFT2s] c0326+4csA20CI?+|pn|\/§cosﬂ

T

Ffin (S) _/S\TFT

X (1+%) [cvRe[Fo(s)Fj(s)] —2mis}FTRe[F0(s)]]} . (7.15)

T
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The usual SM expressions for this observable [148] are recovered when €g and €7 are equal

to zero. Results obtained using eq.(/.135)) are plotted in the right side of figure

The squared matrix element |M |2, for two representative values of the set of (€g,€7), is

shown in the first row of figure The values of (€s,€7) are consistent with current upper
limits on the BR(t~ — ™ mvz). In the second row, (s,cos8) distributions are plotted. A
comparison of the plots in figure [7.3| and figures [7.4] show that the Dalitz plot distribution is

sensitive to the effects of tensor interactions but rather insensitive to the scalar interactions.

7.2.3 Decay rates

Using finiteness of the matrix element at the origin and the fact that the form factors are

normalized at the origin [139]], it is shown that

T Cifn AI%OCI]()JF T
FE(0) = 1K FE ), (7.16)
Cn—n T

and

FF ()= =2~ (7.17)

Then, integration upon the ¢ variable in eq. (/.11) gives the hadronic invariant mass distribu-

tions
2 3 Tn 2
dr GFSEWmﬂc VudF+ (0)‘

2
s
— = (1—|—8L—|—8R)2 (1——) A2 S, Mn 2, M
ds 38413 m?2 (5,mn” ")

X [Xva +€sXs +ErXr +EXg +E7Xp2] (7.18)
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where
Xon = L 3IEF N ()2AZ 1 [T N(s)PA 2 m?) (142
VA — §2 |0 (S)| n—n+|+ (S)| (S,mn ,mn) +m2 ,
T
2
6 a2 An*n
X¢ = F L S
s = ol NP
—6v/2 Re[F.. (s)]F
Xr = [EJ;( )JEr (s,mn*,mz?)
St |F2(0)2
2
3 A2
Xp = SIF ")) 7.19
$2 m%‘ 0 (S))’ (md_mu)z’ ( )

4 |Fr|? s 2 2
Xp = o I A .
r = SR\t ) ()

T

When €, = €g = €g = €7 = 0 the SM result from [139] is recovered. Figure shows
the invariant mass distribution of the hadronic system for T~ — " nv; decays. Noticeable
differences respect to the SM result are observed outside the resonance peak region Mg ~ 1.39

GeV.

105 |
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10'9 ’

10-11 -
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Figure 7.5: M7~ hadronic invariant mass distribution for the SM (solid line) and & =
0.004,£7 = 0 (dashed line), & = 0, €7 = 0.6 (dotted line) [38]. Units in axis are given in

powers of GeV and the decay distributions are normalized to the tau decay width.

The total decay rate of the T — nmv, decay can be obtained integrating equation (7.18]).

This will depend on several effective couplings, inducing scalar and tensor interactions, and
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new physics effects can be constrained measuring the branching ratio. The decay rate I" can
be compared wit I'y, being the last one the decay rate neglecting €s and €7 couplings

1Y

A= = g5+ Ber +ye3 + 8¢7.. (7.20)

It is clear A = 0 corresponds to the SM case, with genuine vector interaction and induced
scalar interaction only. The numerical values of the coefficients are: o~ 7-10%, B~ 1.1, y~
1.6-10° and & ~ 21 [38]. Equation (7.20) is a quadratic function of the effective scalar and
tensor couplings, in consequence it can be used to explore the sensitivity of T~ — T MVz
decays to the effects of new physics. Figure shows experimental upper limits on A,
represented as horizontal lines, and equation plotted as function of €5 and €7 couplings.
We get the constraint —0.008 < €5 < 0.004 which corresponds to the BaBar’s upper limit
on the branching fraction assuming €7 = 0. Constraints on tensor interactions are weaker:
[er| < 0.4, assuming €5 = 0 and BaBar’s upper limit. Systematic theory errors are neglected

in this study.

15

~0.010 —0.005 0.000 0.005 10 -05 00 05 10
€s €T
Figure 7.6: A as a function of € (for €7 = 0) and € (for € = 0) for T~ — T MV, decays [38].
Horizontal lines represent current values of A according to the upper limits on the branching
fraction obtained by Babar (dotted line), < 9.9 x 1073, 95% CL [140], Belle (dashed line),
<7.3x107°,90% CL [141] and CLEO (solid line), < 1.4 x 107%, 95% CL [142].

Constraints on scalar and tensor interactions can be set simultaneously from a comparison

of experimental upper limits and equation (/.20), as shown in figure These constraints
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can be improved at Belle II, where we compare the limits that can be set on the (€s,€r) plane

by assuming that the branching ratio of T~ — T MV can be measured with a 50% and 20%

accuracy.
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Figure 7.7: Left figure shows constraints on scalar and tensor couplings obtained from
A(T™ — Mn~vy) values using current experimental upper limits on branching fractions [38].
The solid line represents A = 0, the dotted line is the Belle 90%CL limit, the double dot-
ted line is the BaBar 95%CL limit and the dashed line is the CLEO 95%CL limit. In the
right side, the thick solid line in the middle shows the contour for the SM Branching Ra-
tio of T~ — " NVv¢. In the hypothetical case of this value being measured by Belle-II with
50%(band bounded with dotted lines) and 20%(band bounded with dashed lines) precision,

some nonzero allowed range of values for €g,€7 can be determined.

Constraints on the scalar and tensor couplings that can be derived from the current upper
limits (7.1]) are summarized in table[7.2] Constraints that can be obtained from measurements
of the branching fraction of these decays at Belle II are also shown, assuming a 20% accuracy

in the measurement.
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~ ~

A Es(/éT = 0) /FST (/Z-SS = 0) €g €T

Babar | [-8.3,3.9]-1073 | [-0.43,0.39
Belle | [7.7,2.9]-1073 | [-0.51,0.47
CLEO | [-9.5,5.0]-1073 | [-0.62,0.57
Belle IT | ([—4.8,2.0]-1073 | [-0.12,0.08

[—0.83,0.37] - 1072 [-0.55,0.50]
[—0.75,0.29] - 102 [-0.48,0.43]
[—0.95,0.49] - 102 [-0.66,0.60]
[~4.9,—4.3]-1073{ | [-0.20,-0.25]U
[~2.6,3.0] - 10~* [0.15,0.20]

]
]
]
]

Table 7.2: Constraints on the scalar and tensor couplings obtained from current upper limits

lb and hypothetical measurements with 20% accuracy at Belle II.

7.3 Sensitivity study of T~ — N v, decays

In analogy with the sensitivity study of the channel T~ — nu~ v, described in the previous
chapter, the strategy to follow is the simulation, reconstruction and counting of signal and
background events in the distribution of 1 candidates. However, for this case, 1 is recon-
structed using the channels | — yyand 1 — ™ @°, which correspond to 1-1 prong and 3-1

prong topologies, using a leptonic decay as a tagging:

ete” = (T, = M Vi) (T — LVeve), (7.21)
with
n— (1-1 prong),
(7.22)
n—ntnn’ (3-1 prong).

Figure[/.8|shows the two ways of reconstructing the event. The sensitivity study is developed
for both topologies separately.

These analyses are performed using the release-00-07-02 of Basf2. As no decay model
of ©© — M v, has been implemented in any generator, 4 x 10° signal events are generated
and simulated using a flat phase space generation. This may introduce a sizable systematic

error, which is ignored for the moment. The MC datasets used as background were generated
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Figure 7.8: 3-1 prong (left) and 1-1 prong (right) topologies for the reconstruction of the

decay channel T~ — M7 V¢, with a T leptonic decay as tagging.

and simulated during the 7th Belle IT Monte Carlo campaign (MC7). Two simulated data sam-
ples, equivalent to 1 ab™! each one, are taken for the study. They contain samples of generated
1™, BB and gq pairs with beam background mixed randomly in the events. Details of MC7
can be looked at|https://confluence.desy.de/display/BI/Data+Production+MC7.

To accept an event, it must have less than 6 charged tracks with |dr| < 0.5cm, |dz| <
3.0cm, p; > 0.1GeV/c and —0.8660 < cos(0) < 0.9535. It also must have at most 10 pho-
tons with Ey > 50MeV and —0.8660 < cos(8y) < 0.9535. The event is split in two using a
plane defined by the thrust axis. In the tagging side, a single leptonic track is required. The
signal side must contain two photons and 1 or 3 charged tracks for the 1-1 and 3-1 prong
topologies, respectively. In the 1-prong case, a n’-veto is applied in the reconstruction of
Mn — Yy candidates. Figure shows the invariant mass distribution for 1 candidates from
reconstructed signal events using a 1-prong and 3-prong topologies.

As expected, the number of background events is high and covers completely the 1 region
for both topologies (see Fig. [7.10). For this reason, a boosted decision tree (BDT) is trained
to discriminate between signal and background events. The MC samples are split in two,
using the first half for the BDT training stage and the second for the sensitivity analysis.

Details of the training and optimization of the BDT are detailed in Appendix


https://confluence.desy.de/display/BI/Data+Production+MC7
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Figure 7.9: Invariant mass distribution of reconstructed 1 candidates for generated signal
events using 1-prong and 3-prong topologies. Efficiency of reconstruction is 13.56% for
1-prong and 3.7% for 3-prong reconstruction. Combinatorial background sources are also

indicated in green and blue histograms.
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Figure 7.10: Invariant mass distribution of reconstructed 1 candidates for 1-prong (left) and

3-prong (right) MC background samples.

After optimal BDT cuts are applied, the efficiencies for signal reconstruction are 7.88%
and 1.82% for the 1-prong and 3-prong topologies, respectively. In order to count the number
of background events above the signal, a fit is performed in the invariant mass distribution
of the reconstructed M candidates. Figure shows the fits performed using a Crystal-Ball
shape p.d.f. [128] for the signal and a first-order polynomial p.d.f. for the combinatorial

background. A mass window of u = 36 is defined to count the number of background events
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below the peak. Figure shows the result of counting background events in the u+3c
mass window, getting an expected number of background events of 98,146 for the 1-prong

topology and 12,120 events for the 3-prong reconstruction.
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Figure 7.11: Fits performed in invariant-mass distribution of 1 candidates reconstructed from
1-prong (left) and 3-prong (right) signal events, using a Crystal-Ball shape p.d.f. [128] for

the signal and a first-order polynomial p.d.f. for the combinatorial background.

Assuming a linear behavior in the number of background events with respect to the in-
tegrated luminosity and no changes in the signal efficiency, it is possible to estimate the
confidence intervals for the number of signal events expected for the decay T~ — M7~ V7 us-
ing the Feldman-Cousins method [[129]. If the upper limit in the expected number of events is
known, it is possible to obtain an upper limit in the branching ratio, in analogy with equation
(6.5):

— — Nmax
BR(T™ —» N vq) < (7.23)

—2A- Lint’
where Nmax = Nmax (Nsig; Noke )
A=0c(ete” =171 )-BR(M = YY) * €1-prong: (7.24)

for the 1-prong case and

A=c(ete” w1ttt )-BRM =" pi®) - € prong, (7.25)
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Figure 7.12: Invariant-mass distribution of 1 candidates reconstructed from 1-prong (left)

and 3-prong (right) background events after BDT optimized cuts are applied.

for the 3-prong topology, being €,.prong the efficiency for the n-prong case. Npmax depends
on the number of expected signal events and given the lack of knowledge in the branching
ratio of the decay, it is not possible to estimate Ngjo. For this reason, a weighed average is

considered in the estimation of the upper limit, with all the possible values of Ngig:

Nmax N51g7kag)

BR(T™ = nuvy) < Z}g AL - P(Nsig | Nokg) (7.26)
where P(Nsig|Npke) is the Poisson probability, given by
A —A
P(nA) = =5 (7.27)
n!

Figures|/.13|shows the 95% C.L. branching ratio upper limits estimated for the 1-prong and
3-prong reconstructions. The error bands in the upper limit corresponds to the uncertainty
which comes from the Poisson-weighted standard deviation of the possible values of Nj;g. Us-
ing the comparison defined in equation (7.20), the upper limits estimated in figure can
be translated into sensitivity of constrains on the non-standard scalar interactions, in func-
tion of the integrated luminosity accumulated by Belle II. Figure shows the estimated

constrains with reconstructed 1-prong and 3-prong topologies.



7.4. CONCLUDING REMARKS 93

7.4 Concluding Remarks

The decays T~ — M7 V¢, suppressed by G-parity in the Standard Model, can receive rele-
vant contributions of BSM interactions. Our sensitivity study shows that as soon as Belle 11
collects an integrated luminosity of 1 ab™! of data, the current upper limit on the branching
fraction for T~ — nm~ Vv, decays will be improved. From 2 ab~! of data, SM predictions for
the branching ratio may be tested and constrains in non-standard scalar interactions can be

improved, providing limits that are very competitive with other low-energy processes [149].
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Figure 7.13: 95% C.L. upper limits estimation for the branching ratios of the T — nmv,
decay, in function of the integrated luminosity and reconstructed by the 1-prong and 3-prong
topologies. The blue line corresponds to the upper limit reported by Belle [[141], the green to
the upper limit reported by BaBar [140] and the red band contains the SM predictions for the
braching ratio described in table [7.1] The most recent estimation, developed with 3 coupled

channels as a model for the scalar contribution [139] is represented with a red line.
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Chapter 8

Conclusions and Perspectives

The hypothesis behind the studies performed in this thesis is that precise measurements of
the properties of heavy flavors can be very useful to search for potential effects of particles
or interactions not contained in the Standard Model. In this thesis, we report our results on
measurements, sensitivity and phenomenological studies of the decay properties of the BY
meson and T lepton, which may be useful in the search for New Physics.

The lifetime of the CP-odd decay channel BY — J/yf,(980) has been measured success-
fully, obtaining an independent result which, at the moment in which the result was published,
confirmed the consistency in the measurements performed by other experiments, as shown in
figure Our measurement also contributed to the global average of the width of the heavy
mass eigenstate of B(s), I'y. Neglecting CP violation in this decay, the measurement can be

translated into I'y = 1/7. From equation (2.17):
[y = 0.59+£0.05 (stat) & 0.02 (syst) ps . (8.1)

Currently, the CMS collaboration has achieved the most precise lifetime measurement
for this channel [S1]. Depending on the performance of the accelerator, SuperKEKB could
increase the energy at the next resonance Y(5S), allowing the production of BY mesons at
the Belle II experiment. Given the high luminosity expected in such collisions and the good

performance of Belle II in the identification of pions and muons [33]], the channel BY —

97
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J/Wfo(980) may be analyzed at Belle II in the coming years, providing a high-precision
I'y measurement, useful in the search of leptoquarks and BSM particles contributions in the

BY — BY mixing process [43]).

DG (2016)
1.70 £ 0.14 + 0.05

CMS (2018)
—e— 1.68 + 0.034 + 0.012
\ | LHCB (2012)

1.70 + 0.040 + 0.026

CDF (2011)
1.70 £ 0.12 + 0.03

co b b b b b e b
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

ng AT (ps)

Figure 8.1: Our result of the measurement of the By lifetime in the J/y f(980) state in green
[55)], and comparison with the measurement performed by CDF, LHCb and CMS [48, 150, 51]].

The Phase II in the commissioning of Belle II provided highly valuable results for the
collaboration. The measurement and characterization of background coming from the beam
will be critical for the improvement of the simulations with beam background conditions
active. In particular, the early data allowed us to test the analysis techniques and the software
developed for the T pair events reconstruction. With the first collisions to be obtained in
Phase I1II, the comparison between data and MC simulations will be an important step. Also,
improvements in the skimming dedicated for T analysis and triggers have to be performed.

In this thesis the first measurement of the T lepton mass at Belle II is reported [34]], ob-
taining

my = (1776.4 + 4.8(stat) MeV/c?, (8.2)

consistent with measurements reported in previous experiments, as shown in figure[8.2] This

result verifies that Belle IT hardware subsystems, simulations, and software are working prop-
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erly and, in particular, it shows the capacities of T lepton analysis at the experiment with just
a few inverse picobarns accumulated. If we are capable of reducing the systematic uncertain-
ties in the T mass measurement, a high luminosity result will improve uncertainties in tests

such as leptonic universality.

ol Belle (2007)
1776.61 +0.13 £ 0.35
ol BaBar (2009)
1776.68 £ 0.12 + 0.41
ol BES Il (2014)
1776.91 £ 0.12 + 0.13
ARGUS (1992)

1776.3+24+1.4

Belle 11 (2018)
1776.4 £ 4.8

1 1 ! 1 1 1 1 1

1 I 1
1785
m, (MeV/c?)

I 1 1 I 1 1 I 1
1770 1775 1780

Figure 8.2: Comparison between the T lepton mass measurement performed by Belle II and
the values obtained for previous experiments. T lepton mass average reported by the PDG

[335]] is represented by the yellow line.

Figure 6.7) shows the current capacity of the Belle II experiment in the reconstruction of
the decay channel T~ — M’ v, using single cuts in kinematic variables to increase the
purity of the sample. Around 1 ab~!, Belle II will improve the uncertainty in the measure-
ment of the branching ratio. This will be critical to confirm or discard the tension between
the T decay measurements and the e™ e~ hadronic production using CVC, which cannot be
explained by breaking of SU(2) isospin symmetry. Furthermore, improved measurements of

the invariant mass distributions of the hadronic system nntn® will allow a direct test with the
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cross section of eTe~ — M. This will contribute with a clue in order to solve the puzzle
of inconsistency between the T decays and e e~ hadronic production data [123]], which takes
relevance if T decays are required as high-precision input for the SM estimation of (g, —2).

Our aim at the Belle II experiment is the first observation of the decay channel
T~ — N7 V¢ or, in case of a negative result, improvement of upper limit in the branch-
ing ratio. Figure shows Belle II will have the capability of testing SM predictions for
the branching ratio of the decay once the integrated luminosity reaches 2 ab—!. It is im-
portant to point out that signal events were simulated using a flat phase space generation
and the implementation of a decay model will be relevant in a more detailed study of kine-
matic distributions. Additionally, the current simulations use generated beam background
effects, which not necessarily reproduce the real conditions of radiation coming from the
beam [84, [150]. It will be important the reprocessing of the sensitivity study using simula-
tions with realistic beam background effects, mainly for the 1-1 prong topology reconstruc-
tion, which is the most sensitive to fake n — 7Yy candidates. Recently, it has been shown
that T~ — M7~ vy decays, not suppressed by G-parity and acting as background for the SCC
searches, have a branching ratio of the same order as the non-radiative T~ — N7~V signal
[151]|'} The number of background events can increase with this additional contribution and
the implementation of it in the generation models will be a critical step in the future. When
needed, T~ — (a; — T T )v, background can be improved using reference [133]], which
supersedes [154] included in [155]. The T~ — nntn nv, background is more problem-
atic, as [156] and [[157] are not precise enough and a dedicated study is needed.

The decay T~ — mMm~ v provides the best mechanism for the study of charged scalar
currents at tree level, closely related to the search of an intermediate charged Higgs in the
decay. Given the limits imposed in the effective scalar coupling as shown in figure and
table the energy scale of the particle associated with the scalar interactions must be
larger than 3 TeV, consistent with current constraints in models which involve extra Higgs

doublets [24]. Collecting more than 1 ab~! of data, a measurement of the branching ratio

"Loop-level processes, induced by the Myy transition form factor, are negligible [152].
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and kinematic distributions of T~ — M7~ v at Belle II will impose the strongest limits in the
non-standard scalar coupling value, as shown in figure

In summary, the full physics program of the Belle II collaboration will start in 2019 and
by the end of the experiment, in 2025, Belle II is expected to collect 50 ab—! of data. The
T lepton physics program will take advantage of the largely integrated luminosity expected,
allowing the study of several topics. Limits in branching ratio of LFV decays, CP violation
asymmetries and Michel parameters will be improved by two orders of magnitude. This thesis
shows the potential of precision measurements in the decay channel T~ — N~ n’v,, second-
class currents discovery and constraints in non-standard scalar interactions through the decay
channel T~ — N Vv;. As soon as the Belle II experiment collects the integrated luminosity
required, constraints in SM and non-standard parameters will be improved, providing limits

that will be very competitive with the currently available results.
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Appendix A

Systematic Uncertainties in the B Lifetime

Measurement

For the systematic uncertainties on the lifetime measurement, the following sources have

been considered:
e Detector alignment.
e Possible contaminations in the 777~ mass window.
e Bias due to the likelihood fit on low statstics.
e Distribution models.

Detector alignment effects has been previously estimated [[158] to be 5.4 um. The systematic
uncertainties on the lifetime measurement due to the other mentioned sources are described

in this appendix.

A1 f;(980) Mass Window

The £100 MeV/c? mtn~ mass window around the f3(980) could include some contamina-

tion from similar hadronic states. The size of the T+7~ mass window is changed from 480

103
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ntn~ mass window (MeV) Lifetime (um) Variation w.r.t. nominal (um)

120 498.6£39.8 54
110 499.6£40.7 4.4
100 (nominal) 504.0+42.4 -
90 502.4+40.7 1.6
80 488.0+40.0 16.0

Table A.1: Lifetime fit with the variation in the Tt~ mass window around the f,(980).
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Figure A.1: Likelihood fit result of ¢t = (498.6+39.8)um for invariant mass (left) and proper
transverse decay length (right) distributions. Selected invariant mass window of the f(980)

is 120 MeV/c? around the signal peak.

MeV/c? to £120 MeV/c? to vary any possible contamination inside the mass window. The
lifetime fit is repeated for each of the new w7~ mass windows. The largest deviation ob-
served is 16.0 um and 1/2 of this deviation is considered as a systematic uncertainty due to
this source. Table [A.T| summarizes the results and figures [A.1] - [A.4] show some of the fit

results superimposed to the data.
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Figure A.3: Likelihood fit result of ¢t = (502.4 +40.7)um for invariant mass (left) and proper

transverse decay length (right) distributions. Selected invariant mass window of the f(980)

is 90 MeV/c? around the signal peak.
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Figure A.4: Likelihood fit result of ¢t = (488.01+41.0)wm for invariant mass (left) and proper
transverse decay length (right) distributions. Selected invariant mass window of the f;(980)

is 80 MeV/c? around the signal peak.

A.2 Fit Bias

Fits to pseudo-experiments are performed, following the models as used for the measure-
ment, in order to explore any bias introduced by the fit method. The statistics of the pseudo-
experiments are set to what is observed in data. From 10K pseudo-experiments with the
lifetime input set to the value measured in data, a bias in the lifetime fit estimate of around
—4.4 um with respect to the input value is observed . This value is subtracted from the nom-
inal measurement to correct the bias. This exercise is repeated for different input lifetime
values and for different statistics. Figure [A.5]shows the result of this study. To estimate a
systematic uncertainty, the observed deviation is averaged from the input lifetime value for
lifetimes in the range of 300 — 800 um. The average deviation is estimated to be -4.4 um.

This is assigned as a systematic uncertainty.

A.3 Distribution Models

We estimate the systematic uncertainty due to the models for the A and mass distributions by

varying the parameterizations of the different components: (i) the cross-feed contamination
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Figure A.5: Deviation on the fitted lifetime as function of the input lifetime (left) and as

function of the number of signal events (right) in toy MC generation. Each point represents

the lifetime mean value from an ensemble of ten thousand fitted MC samples.

is modeled by two Gaussian functions instead of one, (ii) the exponential function in the

combinatorial background model are replaced by a first order polynomial, (iii) the smoothing

of the non-parametric function that models the B™ contamination is varied, and (iv) the decays

describing the background componentes in A are convoluted with the resolution. To take

into account correlations between the effects of the different models, a fit that combines all

different model changes is performed. We quote the difference between the result of this

fit and the nominal fit as the systematic uncertainty. In this case, the fit yields a lifetime of

(491.5+53.7)um. Figure shows the fit result with the changes in the distribution models.
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Figure A.6: Likelihood fit result of ¢t = (491.5453.7)um for invariant mass (left) and proper
transverse decay length (right) distributions. The parameterizations of the different compo-
nents is changed to estimate the systematic uncertainty due to the models for the A and mass

distributions.



Appendix B

Reconstruction and selection of T~ — 1wt n'v;,

decays

B.1 Basf2 analysis steering file

Steering file written for Basf2 release-02-00-02. It reconstruct events

(’Ezgg — nn*novr)(rég — £7V,V¢) and stores the information in Ntuples.

# —+— coding: utf-8 —#*-—

from basf2 import *

from modularAnalysis import *
from variables import variables
from stdCharged import *

from stdPhotons import *

from stdPiOs import *

import sys

# Name of the output Ntuple
if ’'--ntuple’ in sys.argv:
outputNtuple = sys.argv[sys.argv.index(’--ntuple’) + 1]
else:

outputNtuple = ’"tau_BGx0’

#H####H Input #####H##H

inputFiles = []

#KEKCC signal, overwriten with -i
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inputFiles.append(’ “/Belle2/tau_etapipiOnu/Ntuples/tau_etaPiPi0_skim.udst.root’)
inputMdstList ("default’, inputFiles)

use_central_database ("GT_gen_prod_004.10_release-01-00-00")

##### 1-1 prong selection ######

mcTruth = True

# Default cuts of EventShape

trackCuts = "pt > 0.1’

trackCuts += ' and -0.8660 < cosTheta < 0.9535’

trackCuts += ' and -3.0 < dz < 3.0’

trackCuts += ' and -0.5 < dr < 0.5’

variables.addAlias (' nGoodTracksForTau’, ’'nCleanedTracks(%s)’ % trackCuts)
# Looking for two tracks and 4 gammas.

eventCuts = ’1 < nCleanedTracks(%s) < 3’ % trackCuts

applyEventCuts (eventCuts)

buildEventShape ()

stdPi(’ 95eff’)

stdMu (' 95eff’)

stdE (' 95eff’)

applyCuts ('pi+:95eff’, trackCuts)

applyCuts ('mu+:95eff’, trackCuts)

applyCuts ("e+:95eff’, trackCuts)

stdPhotons (" tight’)

stdPi0s ("effd0’)

variables.addAlias (' nGoodGammasForTau’, ’countInList (gamma:tight)’)
variables.addAlias (’ goodPhotonsEnergy’ , ’totalEnergyOfParticlesInList (gamma:tight)’)
# P10 veto (pi0eff40)

variables.addAlias (' piOveto’, ’veto(gamma:tight, 0.124 < M < 0.140)")
variables.addAlias (' nGoodGammasForEta’, ’'countInList (gamma:tight, piOveto != 1)')
applyCuts (’gamma:tight’, ’veto(gamma:tight, 0.124 < M < 0.140) != 1’
reconstructDecay ('eta:gg -> gamma:tight gamma:tight’, 0.4 < M < 0.65")

# Signal and leptonic tag reconstruction
reconstructDecay (' taut:signal -> eta:gg pi0:eff40 pi+:95eff’, 0 < M <1.8")
# Mix tag

reconstructDecay (' tau-:muon -> mu-:95eff’, "0 < M <1.8")
reconstructDecay (' tau-:electron -> e-:95eff’, 0 < M <1.8")
copyLists(’taut:tag’, [’taut:muon’, ’'taut:electron’])

tagParticle = "mu’

# eta and pi0 in signal side

variables.addAlias (' prodCosEtaPi0’, ’formula(daughter (0, cosToEvtThrust)*daughter (1, cosToEvtThrust))’)
# eta and pi in signal side

variables.addAlias (' prodCosEtaPi’, ’formula(daughter (0, cosToEvtThrust)*daughter (2, cosToEvtThrust))’)
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applyCuts (' taut:signal’, 'prodCosEtaPi0 > 0 )

applyCuts (’taut+:signal’, ’prodCosEtaPi > 0 ')

if mcTruth:

labelTauPairMC ()

matchMCTruth (' tau+:signal’

matchMCTruth (' taut:tag’)

reconstructDecay (' Z0:taupair -> tau+:signal tau-:tag’, '’)
# Muon and pion in opposite side
variables.addAlias (' prodPiMuCosTh’, ’formula(daughter (0, daughter (2, cosToEvtThrust)) * \
daughter (1, daughter (0, cosToEvtThrust)))’)
applyCuts (' Z0:taupair’, ’prodPiMuCosTh < 0")

toolsz0 = [’EventMetaData’,’"z0’"]

toolsz0 += [’RecoStats’,’"z0"]

toolsz0 += [’EventShape’, 'Z0 -> ["taut+ -> ["eta -> “gamma “gamma] “pi0 “pi+] “tau-']
toolsz0 += [’InvMass’ , ’Z0 —-> ["tau+ -> “eta "pi0 pi+] tau-']

toolsZ0 += [’CustomFloats[charge]’, 'Z0 -> “taut+ “tau-']

toolsz0 += [’Kinematics’,

720 => ["taut -> ["eta -> “gamma “gamma] ["pi0 -> "gamma “gamma] "pit+] “tau-']

if mcTruth:

toolsz0 += ['MCTruth’, ’"Z0 -> ["taut+ -> “eta "pi0 "pi+] "“tau-']

toolsz0 += ['MCKinematics’, 'Z0 -> [“tau+ -> “eta "pi0 “pi+] “tau-']

toolsZ0 += [’CustomFloats[isSignalAcceptMissingNeutrino]’, "Z0 -> “taut+ “tau-’
toolsZ0 += [’CustomFloats[tauPlusMCMode]’,’ "20"]

toolsZ0 += [’CustomFloats[tauMinusMCMode]’, '"Z0']

o

ntupleFile ('Ntuples/tau_etaPiPi0_%s_lepTag.root’ % outputNtuple)
ntupleTree(’Z0’, ’'Z0:taupair’, toolsz0)
process (analysis_main)

print (statistics)

B.2 Kinematic distributions and selection cuts

The search of T~ — 1 = n%v, decays is performed reconstructing T pair candidates in 1-1
prong events (See Fig. [6.3). After reconstruction, selection cuts in kinematic variables are
applied in order to increase the signal purity. The list of cuts applied, in sequential order, are:
Cut 1 (Fig. [B.I): All photons coming from 1 — Yy candidates should have an energy
Ey > 100MeV. If —0.7 < cos(8y) < 0.8, photons must satisfy Ey > 300MeV .
Cut 2 (Fig. : All photons comming from ©° — yy candidates must satisfy Ey >
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60MeV . If cos(8y) < —0.7, Ey > 200MeV is required.

Cut 3 (Fig. : If the polar angle of the missing momentum doesn’t satisfy | cos(Bpm;ss )| <
0.95, the event is rejected. The missing momentum magnitude should have Piss > 100MeV .
If cos(Omiss) < —0.8 or cos(Opmiss) > 0.6, Priss > 200MeV must be satisfied.

Cut 4 (Fig. : If O (1miss,hr) 1S the angle between the missing momentum and thrust axis,
this must satisfy |cos 8 pigs mr)| > 0.7. Otherwise, the event is rejected.

Cut 5 (Fig. [B.5): The angle between Y’s from 1 — 7y candidates should be lower than
1.5 rad. If not, the candidate is discarded.

Cut 6 (Fig. [B.6): If the asymmetry between the Y’s from 1 — vy candidates, defined as
An = |Ey, — Ey,|/(Ey, + Ey,), is larger than 0.7, the event is rejected.

Cut 7 (Fig. : The transverse momentum of 7 and 1 candidates should be larger than
0.7 GeV/c and 1.2 GeV, respectively.

Cut 8 (Fig. [B.8): The number of photons in the event should be at most 6. If the event

contains more, it is discarded.
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Figure B.1: Distributions of Ey vs 6y of y’s from 1 — vy candidates for MC signal and back-

ground samples after 1-1 prong preselection.
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Figure B.8: Distribution of number of photons in signal and background events after cut 7 is

applied.



2

5

Appendix C

T — N T V. reconstruction, BDT training

and optimization

C.1 Generation

Since the process T~ — N V¢ is not included in the decay tables of the generators TAUOLA
/ KKMC, it is not simulated during the official Monte Carlo campaigns of Belle II. Then is
necessary to make our own simulations. For this study, 4 million of events were generated
using the generator KKMC for the signal and the leptonic decays implemented in TAUOLA
as tagging.

The decay table, called aOmmu_muTag.dat, following the PYTHIAG style [[159] and used
as input for KKMC in the steering file is:

15 tau- taut -3 0 1 1.77700 0.00000 0.00000 8.72000E-02 0
- 1
3 2101 0.500000 -12 11 16 0 0 ! e- nu nu (PDG2006)
3 2102 0.500000 -14 13 16 0 0 ! mu- nu nu
2 41 1.000000 16 -9000211 0 0 0 ! al- nu
9000211 a0+ al- 301 0.98510 0.10000 1.00000 0.00000E4+00 0 1
1 0 1.000000 211 221 0 0 0

The steering file has been written to work with Basf2 release-00-07-02:
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#!/usr/bin/env python3
# —*— coding: utf-8 —#-
from basf2 import *
from ROOT import Belle2
from beamparameters import add_beamparameters
from simulation import add_simulation
from reconstruction import add_reconstruction
from reconstruction import add_mdst_output
import os, sys
set_log_level (LogLevel. INFO)
outpath = ’./’
decpath = ./’
if not os.path.isfile(decpath + ’aOmnu_muTag.dat’):
print (" [ERROR] Decay table 'alOmnu_muTag.dat’ not found. Check the path.")
sys.exit ()
# main path
main = create_path()
# event info setter
main.add_module ("EventInfoSetter", expList=1, runList=1, evtNumList=1000)
# beam parameters
beamparameters = add_beamparameters (main, "Y4S"
# to run the framework the used modules need to be registered
kkgeninput = register_module (KKGenInput’)
kkgeninput.param(’tauinputFile’, Belle2.FileSystem.findFile(’data/generators/kkmc/tau.input.dat’))
kkgeninput.param(’KKdefaultFile’, Belle2.FileSystem.findFile(’data/generators/kkmc/KK2f_defaults.dat’))
# Decay table for tau —--> (a0 —--> eta pi) nu
kkgeninput.param(’taudecaytableFile’, decpath + ’/aOmnu_muTag.dat’)
# run
main.add_module ("Progress™")
main.add_module (kkgeninput)
main.add_module ("PrintMCParticles", logLevel=LogLevel.INFO, onlyPrimaries=False)
# detector simulation (No beam background)
bg = None
add_simulation (main, bkgfiles=bg)
# reconstruction
add_reconstruction(main)
# output
add_mdst_output (main, True, outpath + ’tau_aOmnul.mdst.root’)
# generate events
process (main)
# show call statistics

print (statistics)
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C.2 Reconstruction

At the moment of the sensitivity study of the decay T~ — M7~ V¢, the analysis tools for ©
pairs reconstruction were not included in Basf2 (release-00-07-02). For this reason, an
independent-framework reconstruction was developed, using a tdst format (deprecated) from
mdst files. More information about the tdst can be found at https://kds.kek.jp/indico/
event/19103/session/11/contribution/52/material/slides/0.pdf.

As background samples, samples of T pair, BB and ¢gg from the 7th Monte Carlo campaign
(MCT7) were used.

C.3 Boosted Decision Trees

Given the high amount of background expected, a boosted decision tree (BDT) is used to
discriminate events between signal and background. It consists in extending a simple cut-
based analysis into a multivariate technique [160]. A consecutive set of questions are made,
with only two possible answers. Each question depends of the formerly given answers and
final veredict is reached after a given maximum number of questions (See Fig. [C.I). The
usage of a BDT includes tree stages: training, testing and evaluation. For the first two stages
half of the data samples are used. The second half of data is used for the evaluation stage.

The BDT is implemented using the class TVMA of ROOT version 6.11 [161,162].


https://kds.kek.jp/indico/event/19103/session/11/contribution/52/material/slides/0.pdf
https://kds.kek.jp/indico/event/19103/session/11/contribution/52/material/slides/0.pdf
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Figure C.1: Schematic view of a BDT. A consecutive set of questions with two possible

answers and final states, which discriminate if an entry is signal or background.

The variables selected for the 1-prong analysis are:

e /(n,m): The angle between the 1 and T momentum.

® /(Pmiss;Atnr): The angle between the missing momentum and the thrust axis.
e Mpiss: Missing invariant mass, defined as |/ E 2 _p2

miss miss”*

e P;(m): Transverse momentum of pion.

n(n): Pseudorapidity of the n meson.

Z(Y,Y)n: Angle between photons coming from 1 candidate.

e C0s(Opiss): Cosine of the missing polar angle.

PID, (): Probability of identification as an electron of the charged track.
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e PID,(7): Probability of identification as a muon of the charged track.
e PIDk(m): Probability of identification as a kaon of the charged track.
e E(7): Energy of photons in the event.

A good selection of variables requires they are not correlated. Figure [C.2] shows the correla-

tion between the variables listed above. The observed correlation between them is low.
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Figure C.2: Correlation between variables chosen for the 1-prong sensitivity study, evaluated
in signal (left) and background (right).

For the 3-prong topology scenario, with 1 reconstructed as 1 — n* ™ n, the variables
used are:

e /(n,m): Angle between the momentum of 1 and © coming from the T lepton.

® /(Pmiss, itnr): The angle between the missing momentum and the thrust axis.

Z(m,m%)y: Angle between the T and T° momentum coming from eta.

Z(Y,7)0: Angle between the photons coming from the 1’

. . . . . . 2 - 2
® Mp;ss: Missing invariant mass, defined as |/ E- . — Pric.-
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e P;(m): Transverse momentum of pion coming from the T lepton.
e P;(n): Transverse momentum of N meson.

e P,(n%): Transverse momentum of the ° coming from the 7.

e 1(n°): Pseudorapidity of t° coming from 1.

e E(7): Energy of the photons in the event.

Figure [C.2] shows the correlation between the variables listed above. Again, the correlation is

low, helping to improve the BDT performance.
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Figure C.3: Correlation between variables chosen for the 3-prong sensitivity study, evaluated

in signal (left) and background (right).

The BDTs for both topologies are trained using a sample of 1M events as signal, and

samples containing T pair, BB and ¢g decays equivalent to 500 fb~! as background. Once

the training stage finishes, an independent sample with the same amount of events is used

to test the BDTs. Figure [C.4] shows the response of the 1-prong and 3-prong trained BDTs

to signal and testing samples. Kolgomorov-Smirnov tests are also performed to compare the

responses, showing a good performance of both BDTs.
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TMVA overtraining check for classifier: BDT
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Figure C.4: Tests of over-training for 1-prong (left) and 3-prong (right) topologies. BDT
response to training and testing samples are indicated with dots and solid histograms, respec-

tively. Result of Kolgomorov-Smirnov tests are also indicated.

Several BDTs configurations were tested, using different methods implemented in TVMA.
Figure [C.5] shows background rejection versus signal efficiency plots using five different
MVA methods. The better ratio between background rejection and signal efficiency is a BDT
using an adaptive boost, AdaBoost, with 850 trees and max depth of 3 nodes. The separation
type is GiniIndex and the number of cuts is 20. Details about the configuration of the BDT
are described at [162]].

In order to select an optimal cut in the BDTs response, the optimization proposed by G.

Punzi is implemented [[163]]. It consists in taking a cut in the BDT response such that

€

a/2++/B

is maximized. Figure [C.6 shows the number of background events and efficiency of signal

(C.1)

as function of the cut in the BDT response. It also shows the value of the figure of merit
(C.I). The cut in the BDT response is chosen in the maximum of the figure of merit, being
the optimal cuts 0.053 and 0.044 for the 1-prong and 3-prong topologies respectively. These

cuts are applied in the sensitivity study described in section[7.3]
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Background rejection versus Signal efficiency
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Figure C.5: Background rejection versus signal efficiency plots using different MVA meth-

ods.
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Appendix D

Publications, Conference Proceedings and

Internal Notes

The following articles have been published:

e V. Abazov,..., M. Herndndez Villanueva, et. al. (D@ Collaboration), Bg lifetime mea-
surement in the CP-odd decay channel BY — J )y fy(980),
Phys. Rev. D 94 (2016) 012001.

e E.A. Garcés, M. Herndndez Villanueva, G. Lopez Castro, P. Roig, Effective-field theory
analysis of the T~ — n(/)n’vr decays,

JHEP 1712 (2017) 027.
Communications in conferences:

e M. Hernéndez Villanueva et. al., Measurement of the B? lifetime in the CP-odd decay
channel BY — J/yfy(980) in the DO experiment, 38th International Conference on
High Energy Physics (ICHEP 2016), 03-10 Aug 2016. Chicago, IL, USA.
Proceedings: PoS ICHEP2016 (2016) 1218.
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e M. Herndndez Villanueva Sensitivity studies of T lepton decays with an M| meson at the
Belle Il experiment, 31th Annual Meeting of the Division of Particles and Fields of the
Mexican Physical Society, 24 -26 May 2017. Mexico City, Mexico.

e M. Herndndez Villanueva, Prospects for T lepton physics at Belle 11, 15th International
Workshop on Tau Lepton Physics (TAU 2018), 24-28 Sep 2018. Amsterdam, Nether-
lands.

Proceedings: arXiv:1812.04225. To be published in SciPost Physics Proceedings.
Internal notes:

e E. de la Cruz-Burelo, A. de Yta-Hernandez, 1. Heredia de la Cruz, M. Hernandez Vil-
lanueva et. al., et e~ — TT1 production and the T lepton mass measurement at Belle
11,

BELLE2-NOTE-PH-2018-029, 23 Aug 2018.

e M. Hernandez Villanueva, E. de la Cruz-Burelo et. al., Bg lifetime measurement in the
CP-odd decay channel B® — J )\ £o(980) in the DO experiment,
D@ Analysis note 6466, 9 Feb 2016.
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